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PREFACE 


“Hallo, Rabbit,’’ Pooh said, “‘is that you?” 
“Let's pretend it isn’t,’’ said Rabbit, ‘and see what happens."’ 
~—/A. A, MILNE 


The terpenoids are amongst the oldest studied of natural products, 
and have, therefore, long held a place in degree courses. When sub- 
jected to the study of these compounds the student, the author feels, 
has a tendency to divide terpenoids into two classes: the dull, but 
venerable, monoterpenoids and the parvenu triterpenoids, the latter 
being really too complex and bizarre to be of interest to any but 
the specialist. The rest is silence, with the exception, perhaps, of 
an occasional murmur about the unfairness of Hm. Wagner and 
Meerwein. This is a pity because the terpenoids are also very 
exciting. 

Probably the most distinctive feature of terpenoid compounds is 
the prodigious facility with which they undergo cyclisation and re- 
afrangement, and it is just this which has added the difficulty and 
interest to their study. Some of the structural contortions undergone 
by, say, the triterpenoids, are such that a very few years ago they 
would have been considered incredible. Even with the simpler 
monoterpenoids the older workers found that during their study the 
substance investigated had promptly changed into something else, 
and only by assuming that it had changed could progress be made. 
The manner by which the change was brought about was not studied 
until much later, and indeed is still being so. The spinal rearrange- 
ment of friedelin, the many cyclisations of caryophyllene, and the 
acid-, base-, and light-induced transformations of santonin are 
gymnastic processes of an interest comparable to any in organic 
chemistry. 

But stimulation is not all that may be garnered from a study of 
the terpenoids. Aside from a clearer concept of the versatility of 
carbonium ion reatrangements, it will be found that these sub- 
stances represent a useful framework upon which very many general 
chemical reactions may be studied. These include, apart from 
synthetic and degradative processes, examples of the stereochemi- 
cal requirements of reactions and of the relationship of stereochem- 
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istry and stability and other physical properties. In a sense, cor- 
rectly studied, terpenoids present almost a microcosm of organic 
chemistry. In the present work the mono- and sesquiterpenoids 
have been covered, the higher terpenoids being reserved for the 
next volume in this series. 

No study of the terpenoids could be written which was not greatly 
indebted to the many volumes of Simonsen’s The Terpenes, Guenther’s 
The Essential Oils, and Gildemeister’s Die aetherischen Ole. In 
addition, the author would like to thank Dr. W. C. J. Ross for a 
view of volumes IV and V of The Terpenes prior to publication. He 
is indebted to his many colleagues, including, Drs. A. S. Kende, 
S. K. Pradhan, A. I. Scott, M. Shafiqg, and J. K. Sutherland for 
helpful and often pointed criticism, and especially to Drs. G. Morri- 
son and C. J. W. Brooks for reading the entire manuscript. 

A particular debt of gratitude is due to Professor D. H. R. Barton, 
F.R.S., for an inexhaustible supply of keen and constructive criti- 
cism in the reading of the whole manuscript, and for devoting much 
time and enthusiasm to the discussion of its many problems. 


Glasgow, Scotland PAUL DE MAYO 
April, 1957 
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THE DITERPENOIDS 





Many of the diterpenoids, particularly the resin acids, have been 
known for over a century, but comparatively little progress in their 
chemistry was made until about 1930. Since then there have been 
rapid advances, and at present the structures of most of the major 
known diterpenoids have been elucidated. 

Probably of greatest historical interest have been the researches 
carried out on the resin acids, but two of the most interesting in- 
dividual substances, marrubiin and columbin, are bitter principles. 


THE RESIN ACIDS 


Incisions cut in the bark of pine trees result in the formation and 
exudation of an oleoresin. This can be separated by stream dis- 
tillation into a volatile fraction (turpentine) and a residue, which, 
when cold, sets to a brown glass. The latter is known as rosin or 
colophony. Turpentine consists mainly of the bicyclic monoterpenoid 
pinene. Rosin, on the other hand, is a complex mixture of acids 
largely of the formula C,,H,, -COOH. A major constituent of rosin 
is abietic acid, which is comparatively stable though very sensitive 
to air oxidation even when pure. Abietic acid is, however, only a 
minor constituent of the un-steam-distilled oleoresin, and is formed 
from a number of labile precursors. The isolation of these so-called 
primary acids has been a problem of some difficulty since extensive 
changes take place during the collection and in the storage of the 
undistilled oleoresin. However, storage of the freshly collected 
oleoresin at low temperature results in the separation, as a crystal- 
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line cake, of some acidic components. This crude mixture is known 
as galipot. In the literature a very large number of acids are re- 
ported derived from galipots from different sources. Many of these 
are, however, mixtures of comparatively few acids. The difficulties 
are engendered by the formation of mixed crystals and the lack of 
reliable criteria of purity. Melting points in this series have a 
wide range even with pure substances. 

Abietic acid (I) is by far the most important of the resin acids 
and can be prepared from rosin by the action of heat or of acids. 
The serious investigations of its structure may be said to have 
begun in 1903, when Vesterberg (1) dehydrogenated abietic acid 
with sulphur and obtained retene (II). 

The determination of the structure of retene was difficult, and 
was rendered even more so by the faulty analyses obtained with 
the macro method of combustion used. By modification of the com- 
bustion technique Bamberger and Hooker (2) were able to correlate 
previous work with their own, and they proved that retene was a 
methylisopropylphenanthrene. They also showed that one alkyl 
group was at C,, whilst the other was not at Gas Won OF Cage tte 
further progress was made until 1910, when Bucher (3) completed 
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the elucidation of the structure. Some of the more essential ex- 
periments of these workers are summarised opposite. 

Retenequinone (III), obtained by oxidation of retene, gives with 
alkaline permanganate the key intermediate (IV). Further oxidation 
of this to (IX) and cleavage with very vigorous alkaline treatment 
gives the acid (X). Since (IX) does not form an anhydride and (X) 
does, one of the carboxyl (and therefore one of the alkyl) groups 
must be ortho to the centre ring and hence at C, in phenanthrene. 
The skeleton of (IX) and (X) follow from their conversion to flu- 
orenone (XII) and diphenyl (XI). The fact that (IV) is an acid with 
the same number of carbon atoms as retene, less one lost in the 
fluorenone formation, suggests that the carboxyl is derived from a 
methyl group. The conversion of (IV) to (VII) through (V) and (VI) 
(in which the exact position of one carboxyl is not known) shows 
that it is the methyl group that is at C,. This could not have been 
derived from the other series of degradations since (X) is ambiguous 
as regards the particular alkyl precursor of the carboxyl groups. 
Oxidation of the isopropyldiphenyl to diphenyl-4-carboxylic acid, a 
known substance, established the position of the isopropyl group 
in retene. 

The completion of the structural problem of retene accounted for 
18 of the 20 carbon atoms in abietic acid. One of the two atoms 
missing was eliminated as carbon dioxide and, since non-angular 
alkyl groups in perhydroaromatic rings appeared to survive dehy- 
drogenation, it was presumed that the remaining carbon atom was 
attached to a quaternary centre. By vigorous oxidation of abietic 
acid with potassium permanganate Ruzicka and his co-workers (4) 
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succeeded in isolating two acids, (XIII) and (XIV). These frag- 
ments represented ring A of abietic acid since the nuclear methyl 
group was present and because the disruption of ring B could lead to 
the presence of only two carboxyl groups in these acids, the third 
represented the original carboxyl group of abietic acid. The rela- 
tive position of the methyl groups was shown by dehydrogenation. 
The problem remaining was the location of the carboxyl group and 
of the double bonds. It was noted in the early stages that the car- 
boxyl group of abietic acid was very hindered and might therefore 
be tertiary. In 1922 Ruzicka and Meyer (5) carried out the series of 
transformations shown opposite, since the product, methylretene, 
had not lost a methyl group they concluded that the carboxyl group 
was not at an angular position. It was not realised that with the 
phosphorus pentachloride a rearrangement of the Wagner type had 
taken place. Complexities soon arose, and the correct solution to 
the problem was achieved independently by two groups. By oxida- 
tion of methylretene (homoretene) with alkaline ferricyanide, phe- 
nanthrene-1 : 7-dicarboxylic acid was obtained, the same substance 
as obtained by the oxidation of retene. The ‘‘extra’’? methyl group 
was therefore not in the nucleus. This work by Ruzicka and his 
collaborators (6) was complemented by that of Haworth (7) who in 
1934 concluded that an ethyl group must be present and confirmed 
this by synthesis of methylretene. 

The two double bonds in abietic acid are conjugated (A, | 241 mu) 
as shown originally by diazo coupling with p-nitrobenzenediazonium 
chloride. Abietic acid does give a maleic anhydride adduct, sug- 
gestive of a cisoid arrangement of double bonds, at temperatures 
above 100°, but the derivative obtained is the same as that from 
levopimaric acid, an isomer. From levopimaric acid, however, the 
adduct is formed at room temperature, and it is in the formation of the 
adduct from abietic acid, then, that rearrangement takes place. The 
position of one of the double bonds in abietic acid is clearly shown 


1. THE DITERPENOIDS 7 





CH ACCCH COOH |—Cood 


Hooc — 


coon COOH 


| Cx) [hse ¥ 


No|Alcchol Pds 


——__—_—_—> 
(Bow veautr) 


COOEF CHOH 








Ny " 
Methyl refene 


8 MAYO: THE HIGHER TERPENOIDS 


eee ee ———EOEOEOEee—————e 


by the transformation shown opposite, confirmed by the isolation of 
isobutyric acid on vigorous oxidation. The conversion of (XV) into 
(XVI) involves disproportionation of the intermediate dihydropyridine. 

The stereochemistry of abietic acid has also been elucidated. 
The acid (XIV), now written (XVII), is optically inactive and so 
must possess a plane of symmetry. This is only possible if the 1 
and 3 carboxyl groups are in the cis relationship to each other. A 
study of the dissociation constants of this acid by Barton and 
Schmeidler revealed that the centre carboxyl was trans to the other 
two. Hence the acid has the stereochemistry in (XVIII) and, pro- 
vided no inversion takes place in the derivation of the acid—a 
fact confirmed in other ways—the fusion of rings A and B in abietic 
acid must be trans. Evidence against this was the fact that certain 
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dihydroabietic acids (e.g., (XIX)) on treatment with strong acids 
gave an isomeric lactone, the structure of which was believed to be 
(XX). However, such a formulation is impossible with a trans-fused 
A/B junction, and Barton (8) proposed that its formation involved 
methyl migration leading to the structure (XXI). Some years later 
this deduction was confirmed by Subluskey and Sanderson and by 
Velluz and his colleagues (9). 

The remaining asymmetric centre in abietic acid is that at C,. 
Since abietic acid is formed from other related acids by acid-cata- 
lysed transformations involving double bond migration, it was con- 
cluded (10) that the hydrogen atom at C, must be trans to the bridge- 
head methyl group, that is, in the more stable form. This is supported 
by molecular rotation (11) evidence which also leads to the abso- 
lute configuration (XXII), Final proof of the trans A/B junction 
and of the absolute configuration came with the derivation of the 
dicarboxylic acid (XXIII) from both abietic acid and from ergosterol-D 
(XXIV) (12). Other relationships between the diterpenoids and the 
steroids, and also between the di- and triterpenoids, have been 
established. 

Dehydroabietic acid (XXV) was first obtained in a pure condition 
by Fieser and Campbell by the stages shown. It may be prepared 
by a number of other methods such as the action of N-bromosuc- 
cinimide on abietic acid methyl ester. An important step forward 
in diterpenoid chemistry was the total synthesis of dehydroabietic 
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acid by Stork and Schulenberg (13). The steps are briefly outlined 
opposite. A stage of particular interest, the monomethylation of 
the tetralone, was achieved by methylation of the pyrrolidine en- 
amine (14) with methyl iodide. 

The nomenclature of the remaining resin acids is very confused. 
Levopimaric acid is not, for instance, the enantiomer of dextropi- 
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maric acid (also written D-pimaric acid). Levopimaric acid (XXVI) 
has been obtained from the galipots of French pine (Pinus maritima) 
and of Pinus palustris. It is a homoannular diene as shown by its 
ultra-violet absorption (A, 272.5 mp). As already mentioned (page 
6), it readily gives a maleic anhydride adduct (XXVII). An interest- 
ing abnormal reaction takes place on ozonolysis of the adduct: two 
products formed by allylic oxidation, (XXVIII) and (XXIX), are ob- 
tained, The reason for the abnormal course may lie in the consid- 
erable steric hindrance of the double bond. Levopimaric acid 
differs from abietic acid only in the disposition of the double bonds 
and is thermally unstable with regard to it. 

Another related compound is neoabietic acid (XXX). At 300° 
this is in thermal equilibrium with abietic acid and can be isolated 
from the mixture by fractional crystallisation of various salts. With 
acid it is converted to abietic acid. Its structure was proven by 
ozonolysis in stages, followed by dehydrogenation with palladised 
charcoal. The retention of the carboxyl carbon during the dehydro- 
genation is surprising (15). 

The resin acids so far mentioned have a common carbon skeleton. 
Compounds having a somewhat different structure are also known. 
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Dextropimaric acid (XXXI) has been isolated from French galipot; 
it is stable both to heat and acid. Isodextropimaric acid (XXXII) 
had usually been stated to be epimeric at C,,, and evidence to 
support this has been advanced. Thus ozonolysis of both acids, 
for instance, gave the same tricarboxylic acid. It has, however, 
recently been suggested (16) that the two acids differ at C, and 
that isodextropimaric acid is represented by (XXXIV). The forma- 
tion of the common derivative (XXXII) then involves equilibration 
& to the carbonyl group. This view is probably correct and is sup- 
ported by the production of the same hydrocarbon, though admittedly 
with no optical activity, by the partial dehydrogenation of both dex- 
tro- and isodextropimaric acids. The problem appears to require 
further investigation. 
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Agathenedicarboxylic acid (also known as agathic acid) (XXXV) 
is a bicyclic resin acid first isolated from kauri and Manila copal 
(44), It contains an exo methylene group, and the remaining double 
bond is conjugated with a carboxyl group. On pyrolysis, passing 
presumably through the {:y-unsaturated isomer, the acid is de- 
carboxylated to give noragathenedicarboxylic acid (XXXVI). Some 
of the structural evidence is summarised opposite. By boiling with 
formic acid agathenedicarboxylic acid is isomerised to a tricyclic 
4:f-unsaturated acid, isoagathenedicarboxylic acid (XXXVII). A 
point of stereochemical difference between (XXXV) and the pre- 
viously mentioned resin acids is that the configuration of the au- 
clear carboxyl group is inverted. In (XXXV) it is axial, and this 
is reflected in the greater difficulty of hydrolysis of the esters of 
agathenedicarboxylic acid; the acid may, therefore, be represented 
the stereoformula (XXXVIII). 
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The basic skeleton of agathenedicarboxylic acid is the 13:14- 
seco-pimarane structure (XXXIX). This may be derived, theoreti- 
cally, by fission of pimarane (XL), which is the hydrocarbon, apart 
from stereochemistry, on which the structures of dextro- and isodex- 
tropimaric acids are based. A number of other acids have this seco- 
pimarane skeleton. Eperuic acid is the chief constituent of the 
oleoresin derived from Eperua falcata. Its structure was clearly 
elucidated by King and Jones (17) and was believed to be rep- 
resented by (XLIa). Very recently, however, labdanolic acid, iso- 
lated from gum labdanum (22), has been conclusively shown to 
possess the structure and stereoehemistry indicated in (XLII). A 
comparison of the constants of corresponding degradation products 
shows that these are essentially identical except in that the sign 
of the rotations is always opposite. This has led to the proposal 
that the corresponding derivatives of the two acids are enantiomers. 
Since labdanolic acid has been directly related to substances of 
known absolute configuration it would seem that eperuic acid must 
be represented by (XLIb). It has, therefore, a carbon skeleton 
which is the mirror image of rings A and B of all the known di- and 
triterpenoids and of the steroids. 

Cativie acid (XLIII) is a compound closely related (18) to (XLI) 
found in the oleoresin from Priona copaifera. Sandaracopimaric 
acid, from sandarac resin, has been stated to differ from either 
dextro- or isodextropimaric acid in the configuration of the carboxyl 
group (19). 

Podocarpic acid (XLIV) is not strictly a diterpenoid since it 
lacks the three carbon atom side-chain. It is usually included, how- 
ever, because its chemistry is closely associated with these sub- 
stances. It was first isolated in 1873 from the resin of Podocarpus 
cupressinum, but has since been found in a number of other resins. 
Its structure was proven by reduction of the acid methyl ether by 
the Rosenmund method (hydrogenation of the acid chloride with a 
poisoned catalyst) to the aldehyde. This was then reduced further 
to the alcohol which was dehydrated (with rearrangement) and then 
dehydrogenated to give 1-ethyl-G-methoxyphenanthrene (XLV). The 
configuration of the carboxyl group is the same as in agathene- 
dicarboxylic acid and Opposite to that of abietic acid. This con- 
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clusion was reached on the following evidence (20). Sulphonation 
of dehydroabietic acid gives the 12-sulphonate from which the 
corresponding phenol (XLVI) can be derived. This could be meth- 
ylated by the action of methyl sulphate on the magnesio-chloride 
derivative to give, after esterification, (XLVII). The compound 
(XLVI) obtained from podocarpic acid methyl ester methyl ether 
by the steps shown was not identical with (XLVII). By transform- 
ing both esters through the acid chlorides to the aldehydes and 
converting the carbonyl group to methylene by Wolff-Kishner re- 
duction, the compound (XLIX) was obtained in both cases. The 
corresponding phenol is, in fact, a naturally occurring diterpenoid, 
ferruginol. The structure of podocarpic acid has been confirmed 
by the total synthesis of the racemate by King, King, and Topliss 
(23). The method was similar to that described below for ferruginol, 
Stereoisomers were separated by fractional crystallisation and 
chromatography. 

The structure of ferruginol follows from its partial synthesis from 
dehydroabietic acid. A direct synthesis of ferruginol has been 
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reported by King, King, and Topliss (21). (L) was prepared by the 
condensation of 2: 2: 6-trimethylcyc/ohexanone with sodio-methoxy- 
phenylacetylene. Ferruginol comprises the major part of the resin 
of the miro tree. From the Rimu tree Brandt and Thomas isolated 
7-ketoferruginol (LI) and showed that it was identical with sugiol, a 
substance isolated from Cryptomeria japonica. Oxidation of 
ferruginol ethers or acetate with chromic dcid results in the intro- 
duction of oxygen in the 7-position. Amongst related compounds 
may be mentioned hinokiol, isolated from the resin of the heartwood 
of Chamaecyparis obtusa, which is probably (LII), and totarol (LIII) 
(27a). It should be noted that totarol does not obey the isoprene 
rule; it has recently been synthesised (27b). 


SUBSTANCES RELATED TO THE RESIN ACIDS 


Vinhaticoic acid is a further example of a diterpenoid which does 
not obey the isoprene rule. This substance was isolated in 1953 
from the heartwood of Plathymenia reticula Benth. as the methyl 
ester (24). It contained two ethylenic linkages as shown by quanti- 
tative hydrogenation and titration with monoperphthalic acid. This, 
together with the inert nature of the remaining third oxygen atom and 
the ultra-violet spectrum (Amax. 220 mu) suggested the presence of 
a furan ring. This was confirmed by the formation of a maleic 


1. THE DITERPENOIDS 25 





ome 
Ome 
CL) 
BOs 

OMe OMe rages 

on COCHs 

MeMa\ 

<—__——. SS 

OH 

On OH 


(11) (uy) Ci) 





26 MAYO: THE HIGHER TERPENOIDS 





anhydride adduct. The ester (LIV) was then degraded stepwise to 
the ketone (LV). This ketone on Wolff-Kishner reduction and de- 
hydrogenation gave 1:8-dimethylphenanthrene (LVI). Reaction 
with methylmagnesium iodide and dehydrogenation gave (LVII). ‘In 
this compound the introduced methyl group at C, (phenanthrene 
numbering) marks the position of the ketone in (LV) and, therefore, of 
the furan oxygen in the original ester. Two positions are then 
possible for the furan ring—as in (LIV) and (LVIII). Dehydrogena- 
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tion of (LIV) with sulphur resulted in partial aromatisation to give 
(LIX). This was then degraded to the phenolic aldehyde with ozone 
and reduced by the Wolff-Kishner method to (LX). Selenium de- 
hydrogenation then gave (LXI) and (LXII). The introduced methy] 
group here marked the other furan terminus. These results establish 
all but the position of the carboxyl group in vinhaticoic acid. This 
was ascertained by reduction of the acid to the alcohol with lithium 
aluminum hydride, dehydration with phosphorus pentachloride (with 
rearrangement), and selenium dehydrogenation to give (LXIII). The 
rate of hydrolysis of the ester suggested that the carboxyl was 
equatorial (as in abietic acid) and this was confirmed by the fact 
that the ester reacted with phenylmagnesium iodide to give the 
diphenylcarbinol under conditions when methyl podocarpate does not 
react. Vinhaticoic acid may therefore be presented by the stereo- 
formula (LXIV). Since (LXIV) is a formula not in accord with the 
isoprene rule, it was considered possible that vinhaticoic acid 
might be (LXV), methyl migration taking place during dehydrogena- 
tion. Dehydrogenation of (LXVI) as a model compound gave, how- 
ever, only pimanthrene (LXVII) with loss of the angular methyl 
groups. The trans junction of the rings A and B in (LXIV) is by 
analogy. 
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From the heartwood of Vouacapoua americana Spoelstra, in 1930, 
isolated the methyl ester of an acid, vouacapenie acid. The 
substance was later obtained by King, Godson, and King (25) from 
V. macropetala, and their investigation revealed that the substance 
was Closely allied to vinhaticoic acid. A number of degradations 
led to parallel results, and the relationship was rigorously estab- 
lished by conversion of both to the same partially deoxygenated 
substance (LXVIII). Vouacapenic acid (methyl ester) is therefore 
represented by (LXIX). 
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Sclareol (LXX) is a ditertiary glycol. It is a member of the 
13: 14-seco-pimarane group, and was first isolated in 1928 from 
the leaves of Salvia sclarea. A group of three closely related 
compounds, manool, manoyl oxide, and ketomanoyl oxide, also 
belong to this group. The alcohol manool (LXXI) was isolated from 
the wood oil of yellow pine; the other two compounds were isolated 
from the wood oil of the silver pine. The structure of manool was 
elucidated by Hosking and Brandt (26). Catalytic hydrogenation 
gave the saturated tetrahydromanool, proving the presence of two 
ethylenic linkages. Hydrogen chloride then gave (LXXII) which, 
after dehydrochlorination with aniline, on ozonolysis afforded 
(LXXIII) and (LXXIV). This provides evidence for the environment 
of the hydroxyl group. Ozonolysis of manool itself gave a C,, 
diketone in which the carbonyl groups were 1:5 to each other as 
shown by facile cyclisation to the hydroxy ketone (LXXV). The 
interesting conversion of (LXXI) into the 1:5-diketone on ozonol- 
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ysis may proceed as shown opposite. The skeleton of manool was 
originally based on its relationship to sclareol, both alcohols 
giving the same trichloro compound (LXXVI) with hydrogen chlo- 
ride—but direct evidence has been obtained by conversion, as 
shown, into a derivative of dehydroabietic acid, dehydroabietane 
(LXXVID. Manoyl oxide also gives (LXXVI) with hydrogen chloride 
and has the structure (LXXVIII). By the oxidation of manool with 
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potassium permanganate the ketone (LXXIX) is obtained. This can 
be oxidised with hypobromite to the corresponding acid (LXXX) and 
with sulphuric acideacetic acid is cyclised to ambreinolide 
(LXXXI), a product obtained by the degradation of ambrein (page 
000). An interesting derivative of (LXXIX) is obtained with osmium 
tetroxide. It is the internal ketal (LXXXII). A similar product 
(LXXXIII) is obtained by osmic acid oxidation of dihydro-y-ionone 
(LXXXIV). 

The hydrocarbons phyllocladene (LXXXV) and isophyllocladene 
(LXXXVI) have been isolated from a large number of essential oils. 
Both hydrocarbons are tetracyclic and contain, in addition, one 
ethylenic linkage; they give the same hydrochloride. The structures 
(28) given are those proposed by Brandt. 

Amongst other naturally occurring diterpenoid hydrocarbons may 
be mentioned (LXXXVII), isolated from oil of wormwood by Sorm 
and his co-workers (34). Another hydrocarbon, not strictly a diter- 
penoid, which is closely related to the resin acids is fichtelite 
(LXXXVIII) (38). This is found with retene in fossil resins and is 
completely saturated. It was first isolated by Fikentscher from 
pine trunk remains in a peat bed in Bavaria. It occurs to a large 
extent between the annual rings of the fossilised wood and un- 
doubtedly is formed from resin acid precursors. As would be 
expected, it is chemically very resistant; on dehydrogenation it 
gives retene. 
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Before passing on to a consideration of more complex diter- 
penoids mention must be made of the acyclic alcohol phytol (LX X XIX). 
This compound was found by Willstatter in 1907 in his classical 
researches to be the alcoholic moiety of chlorophyll. It is also the 
side-chain in the molecules of vitamin E (XC) and vitamin K, (XCD. 
Willstatter did not succeed in the complete elucidation of the phytol 
structure. This was resolved by Fischer (29), who, by ozonolysis, 
obtained a saturated ketone, C,,H,;,0. This showed that the sole 
double bond in phytol was in the 2:3 position. By application of the 
isoprene rule Fischer concluded that the ketone might be 2:6:10- 
trimethyl-14-pentadecanone and proved his hypothesis by synthesis 
from hexahydrofarnesyl bromide. Later, he converted this to ‘‘phytol’’; 
several other non-stereospecific syntheses have been since reported. 
It may be mentioned here that vitamin A (XCII), not usually con- 
sidered with the terpenoids, falls into the diterpenoid class. 


MORE COMPLEX DITERPENOIDS 


Marrubiin is the bitter principle of horehound (Marrubium vulgare) 
and was first described by Harms in 1842. Preliminary investiga- 
tions were made by a number of workers, but it was not until 1932 
that it was first obtained in a pure state. The researches may be 
divided into two periods separated by the second war. 

In the first period (30) it was established that marrubiin, C,,H,,0,, 
was a lactone and hydrolysis readily gave marrubic atid SO. 
There were in addition two double bonds present because hydro- 
genation gave tetrahydromarrubiin. One of the remaining oxygen 
atoms was presumed a tertiary hydroxyl group since marrubiin could 
be dehydrated with phosphorus trichloride or thionyl chloride to 
give anhydromarrubiin. From the latter, by hydrolysis, anhydro- 
matrubic acid and, by hydrogenation, hexahydroanhydromarrubiin 
were obtained. The remaining oxygen atom present was unreactive 
and so was presumed present in an oxide ring. This information led 
to the conclusion that marrubiin has a bicyclic carbon skeleton. 
Dehydrogenation with selenium gave 1:2:5-trimethylnaphthalene, 
and this suggested a relationship to manool and agathene dicar- 
boxylic acid and the possibility of a seco-pimarane skeleton. These 
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results may be summarised in the partial formula (XCIII). Marrubiin 
differed from manoyl oxide and related compounds in that it did not 
form tricyclic derivatives. 

After some years, work was resumed on marrubiin by three schools 
of workers. Ghigi (31) found that on oxidation of marrubiin with 
chromic acid in acetic acid three carbon atoms were lost together 
with the inert oxygen. This was confirmed by Cocker and his co- 
workers (32) who corrected the formula of the product from C,,H,,0, 
to C,,H,,0,. They concluded that since both double bonds were 
destroyed these results were best accommodated by a furan ring. 
They confirmed this conclusion by a study of the light absorption 
characteristics and colour reactions of marrubiin. This oxidation 
product was a dilactone, and from a study of infra-red spectra they 
concluded that the original lactone in marrubiin was a 5-lactone and 
the new one a y-lactone, in part, because of its ready formation 
with the tertiary hydroxyl originally present. Hardy and Rigby (33) 
considered, however, that the relevant infra-red band (at 1765 
cm ) was, in fact, that of a y-lactone, and this view was later 
accepted also by the previous workers. The partial structure 
(XCIV) then followed from the available evidence. However, no 
rigid proof of the carbon skeleton had yet been adduced. Support 
for the placing of the tertiary hydroxyl group was obtained in the 
following way. Anhydrotetrahydromarrubiin on ozonolysis gave a 
keto-lactone C,,H,,0,;. In this reaction the entire side-chain is 
removed and the infra-red spectrum of the product shows the pres- 
ence of the original y-lactone and a band at 1706 cm to be at- 
tributed to a carbonyl group, in a six-membered ring. Now the 
hydroxy acid obtained from this by hydrolysis does not lose carbon 
dioxide readily and so may be presumed not to be a B-keto acid. 
With the partial formula (XCIV) these results may be expressed as 
shown opposite. ; 

If the carbon skeleton be correct then the carbon atoms marked 
with the asterisk cannot be the carboxyl since these are both f to 
the carbonyl group, Only the geminal positions remain. This leads 
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to the structures (XCV) and (XCVI) for marrubiin. Evidence in 
favour of (XCV) was obtained by Cocker and his colleagues. Methyl 
marrubate on oxidation with chromic acid gave (XCVII), the loss of 
three carbon atoms and formation of a y-lactone being accompanied 
in this case by oxidation of the hydroxyl of the original lactone to a 
ketone. The derived keto acid, with acetic anhydride, was cyclised 
to an enol lactone which could have been (XCVIII) or (XCIX). The 
product, reacted rapidly with bromine and with permanganate, was 
hydrolysed by mild acid treatment and on hydrogenation was re- 
duced to a saturated acid in keeping with an enol-lactone formula- 
tion. Since the structure (C), derived from (XCVI) would have been 
an infringement of Bredt’s rule this alternative structure for mar- 
rubiin was rejected. 

The same conclusion and an unambiguous placing of the tertiary 
hydroxyl group was achieved by Hardy and Rigby. By the oxidation 
of anhydromarrubiin Ghigi obtained a compound which the former 
workers interpreted as being the substance (CI), and this was con- 
firmed by its spectral properties. Hydrolysis to the keto hydroxy 
acid and further oxidation then gave the diketo acid (CII). This 
was then oxidised with selenium dioxide to the conjugated enedione 
(CII) which could be reduced back to the saturated diketo acid with 
zinc and acetic acid. The ultra-violet spectrum of the enedione 
(Ares 242 mu) showed that this was in a cisoid arrangement. 

Although this work was consistent with the seco-pimarane struc- 
ture no direct evidence of the carbon skeleton had been adduced. 
This was now obtained by Burn and Rigby (33). The starting ma- 


1. THE DITERPENOIDS 43 





OH ne 
ro) 
Co-o ‘. 
co 
(xcv) Cxcvi) 
/ co co 
a o. oO” 
__> or 
° 
coome co-O Co-o 
Cxevil) CXC YIN) Cxax) 
co 
4 
° 
< CS 
co 
Cc) 
{o) e) oO 
ie _ 
Ou 
co-o° COOH a COOH 
Ce vy (Ge \) Loe" 
A\ 
° 
COOH 


Caw) 





44 MAYO: THE HIGHER TERPENOIDS 


a 


terial was the enol lactone (XCIX) (the alternative structure (XCVII) 
was later excluded by Cocker and his colleagues by ozonolysis to 
(CIV) and characterisation of the crystalline product as an aldehyde 
by a positive Schiff and Tollens test), and the final product (CVI) 
of this series of reactions from (XCIX) was a product of known 
structure and stereochemistry derived from ambrein (page 72). 
This unsaturated acid is obtained by the opening of the lactone 
in ambreinolide with strong acid (34). The formation of (CVI) 
from (CV), even under the vigorous conditions of the Wolff-Kishner, 
is remarkable. 

This combined evidence, therefore, establishes marrubiin un- 
equivocally as (XCV). Apart from those stereochemical features in- 
corporated in formula (CVI) the question of the stereochemistry of 
marrubiin has not been settled. 

One further aspect of marrubiin chemistry is of interest. Ghigi 
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has shown that on further oxidation of the acid (CVII) corresponding 
to the ester (XCVII) with permanganate in strongly alkaline solution 
two neutral compounds were obtained. The nature of these prod- 
ucts has now been resolved (32) (33). Using sulphur dioxide in the 
working up of the oxidation, Cocker and his co-workers obtained a 
ketohydroxy acid, C,,H,,0,. This compound (33) merely lactonises 
on heating so that the simplest structure (CVIII) is untenable. By 
the process shown, however, this is converted into the isomeric 
(CIX) with concomitant lactonisation. The other lactone, however, 
remains open. The dilactone obtained on melting, or on acid treat- 
ment, is then (CX). This dilactone is one of the substances iso- 
lated by Ghigi using hydrochloric acid instead of sulphur dioxide in 
the working up process. On treatment with alkali both the dilactone 
and the keto hydroxy acid (CIX) are decarboxylated, (B-keto acids) 
and two products may be obtained one of which, the more stable, is 
the second of the compounds isolated by Ghigi. This may be (CXI); 
the other has been suggested to be one of the tautomers (CXII) or 
(CXII). This presumably requires a conformational change in the 
seven-membered ring preceding its contraction (35). 

Cafestol, C,,H,,9;, is the main constituent of the unsaponifiable 
matter in the coffee-bean oil. From the outset great difficulty was 
experienced in purification because of the occurrence together with 
it of a more unsaturated compound, kahweol. The latter is very 
sensitive to light, air, heat, and acid and is responsible for a band 
at 290 mu in the spectrum of most specimens of cafestol. Cafestol 
was the subject of extensive investigation between about 1940 and 
1945 at which time it was believed that cafestol had oestrogenic 
activity. This also led to the proposal of steroid type formulae. 
The steroid concept was abandoned when the oestrogenic activity 
of cafestol was disproved. During this time Wettstein and his col- 
laborators (39) had accumulated a good deal of information without, 
however, being able to advance structures. The conclusion was 
teached that cafestol was very probably diterpenoid. A further dif- 
ficulty was the non-production, at this stage, of recognisable de- 
hydrogenation products. 

The available results may be summarised as follows. Two of the 
oxygen atoms are present as hydroxyl groups one of which is pri- 
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mary and the other tertiary. Furthermore these are present in an G- 
glycol system of the type > C(OH)-CH,OH since distillation of 
cafestol or its acetate with zinc dust gave the aldehyde > CH- CHO. 
More satisfactory evidence for this was found when it was shown 
(39) that with lead tetraacetate a compound epoxynorcafestadienone, 
C,,H,,0,, was obtained by cleavage of the “-glycol to give a ketone. 
Hydrogenation experiments as well as per acid titrations showed 
the presence of two double bonds. These were conjugated and 
cisoid since a maleic anhydride adduct was obtained. Since caf- 
estol has a maximum at 225 mu (the band at longer wavelengths be- 
ing due to kahweol) this is very suggestive of a furan ring and such 
a system was postulated at a fairly early stage. The incorporation 
of a furan moiety into the structure was favoured by Wettstein be- 
cause of the sensitivity of cafestol to acids and oxidation. Some 
further evidence was adduced by Wettstein for the size of the ring 
containing the carbonyl group in epoxynorcafestadienone. The ke- 
tone similarly derived from tetrahydrocafestol gave with potassium 
hypoiodite a dicarboxylic acid, C,,H,,0;, which gave an anhydride, 
thus suggesting a five-membered ketone. One of the carboxyls of 
the dicarboxylic acid was hindered and was probably tertiary. The 
size of the ring in the ketone was subsequently confirmed by Djerassi 
and his colleagues (37) from infra-red data (band at 1742 cm °). 
These results may be summed up in the partial formula (CXIV) and 
the transformation shown. 

The furan ring in epoxynorcafestadienone was believed by Wett- 
stein to be attached to the rest of the molecule by juncture at posi- 
tions 2 and 3, as in (CXV). Ozonolysis of this compound gave a 
keto dicarboxylic acid and two molecules of carbon dioxide. This 
dicarboxylic acid gave on pyrolysis a diketone and so it was de- 
duced that the ring adjoining the furan was six- or seven-membered. 
It was shown to be six-membered (37) later from infra-red data (bands 
at 1744 and 1737 cm“) of the diketone, both of the rings containing 
the carbonyl groups being five-membered. This sequence may be 
represented as shown opposite. Since one of the carboxyl groups in 
the ketodicarboxylic acid is very hindered, it was very probable that 
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a hydrogen atom was not present at one of the positions marked with 
an asterisk in (CXV). Oxidation of cafestol with chromic acid gave 
hydroxyketonorcafestenolide also obtained from epoxynorcafestadi- 
enone by the action of monoperphthalic acid. This is analogous to 
the oxidation product obtained from menthofuran, and as regards the 
furan moiety is represented by the change (CXV) —» (CXVI). This 
compound, again paralleling the menthofuran oxidation product, 
could be dehydrated and gave a substance with the part structure 
(CXVII). The conclusion drawn, therefore, is that (to this hydroxyl 
there must be at least one hydrogen atom. The position lacking a 
hydrogen must then be the other asterisked point, and (CXV) may 
thus be expanded to (CXVIII) (36). The diketone condensed with 
m-nitrobenzaldehyde whereas epoxynorcafestadienone did not, and 
so two hydrogens, as in (CXIX), must be present £ to the furan 
oxygen. A major advance was made (37) when a dehydrogenation 
product was finally isolated. Treatment of epoxynorcafestadienone 
with hypoiodite gave, as in the case of the tetrahydro derivative al- 
ready mentioned, a dicarboxylic acid by cleavage of the ring at the 
carbonyl group. Dehydrogenation of this with palladium catalyst 
gave a phenanthrol recognised by spectral data and identified later 
by synthesis as (CXX). This oxygen atom and the ethyl substituent 
mark the position of the furan ring, and so the part formula for 
cafestol may be expanded to (CXXI). 

It now remains to attach the four remaining carbon atoms one of 
which was part of a primary alcoholic group. The ring to be formed 
by this addition is five-membered, as already shown, and may be 
attached by 1:2 or 1:3 bonds to the nucleus. If the junction is 
1:2 then all the remaining carbon atoms are necessary to the forma- 
tion of a five-membered ring, whereas with a 1:3 junction one car- 
bon atom, as methyl group, remains to be placed. The spectrum of 
epoxynorcafestadiene (obtained by Wolff-Kishner reduction of the 
dienone) was examined and exhibited a band at 1384 cm” attributa- 
ble to a methyl group. The five-membered ring was therefore to be 
formed by 1:3 addition to the nucleus. Of these Djerassi and his 
colleagues preferred that shown in (CXXII) partly because of its 
biogenetic relationship to phyllocladene. The glycol system was 
placed at C,, and not at C,. also because the derived ketone gave 
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(36) a tribromo derivative. Since, however, the ketone is at a 
bridgehead this last point is not persuasive. 

It was pointed out then by Haworth and his colleagues (36) that 
the formulation (CXXII) did not contain the partial function (CXIX) 
which they had deduced to be present. They therefore preferred the 
structure (CXXIII), differing in the position of a methyl group. This 
was supported by the conversion of cafestol by a three-stage oxida- 
tion process to a tetracarboxylic acid, presumed to be (CXXIV), 
which on dehydrogenation with selenium gave (CXXV) and (CXXVI), 
both identified by comparison with authentic specimens. 

Stevioside was first isolated by Rasenak in 1904. It is obtained 
from a small wild shrub growing in Paraguay known as kaa né-é 
(Stevia rebaudiana Bertoni). The leaves of this plant are very 
sweet, and stevioside is the agent responsible for this. The pure 
glycoside is, in fact, about three hundred times sweeter than sugar; 
it appears to be the sweetest known naturally occurring substance. 
It can be hydrolysed with acid to give a crystalline aglycone with 
D-glucose as the only sugar component. It may also be hydrolysed 
by the digestive juice or hepato-pancreatic juice of the snail Helix 
pomatia. In this case glucose was again liberated, but the aglycone 
differed from, yet was isomeric with, the substance obtained by acid 
hydrolysis. That liberated by enzymes was presumed the true 
aglycone and was named steviol. Acid treatment of this converted 
it into zsosteviol, the isomer. 

The yield of glucose indicated that three glucose residues were 
present in stevioside. The mode of combination of these was re- 
solved (40) by the use of modern techniques. Methylation, followed 
by hydrolysis and paper chromatography, gave two sugar products, 
one present in twice the proportion of the other. This, together with 
the consumption of five moles of periodate (giving two moles formic 
acid), suggested that the three glucose units were not linked sepa- 
rately to the aglycone. This was confirmed when it was found that, 
surprisingly, base hydrolysis gave one mole of sugar as levoglu- 
cosan (CXXVII), and a new glycoside, steviobioside. This glyco- 
side contained a hindered carboxy] group not present in the original 
glycoside. It was also not sweet. The liberation of the sugar with 
base therefore suggested that one glycopyranose must be attached 
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as an ester. Since steviol has the formula C,,H;,0, only one oxy- 
gen atom remains by which the remaining sugar residues may be at- 
tached. Steviobioside consumed three molecules of lead tetraacetate; 
by methylation and acid hydrolysis 2:3: 4:6-tetramethyl- and 3:4:6- 
trimethyl-O-methyl-D-glucose were obtained. The glucose residues 
were, therefore, attached through a C, link as shown in (CXXVIII). 
These are comparatively rare in nature. The occurrence of sugar 
esters of this type is apparently also rare. The formation of the 
levoglucosan (CXXVI) presumably involves alkyl-oxygen fission as 
occurs in aryl-/3-D-glucopyranosides (41). 

Steviol contains one double bond present as an exo methylene 
group. Isosteviol, on the other hand does not have this feature. 
Furthermore, the hydroxyl group present in steviol is not present in 
isosteviol but is replaced by a carbonyl group. This transformation 
is similar to that encountered in the diterpenoid alkaloids such as 
laurifoline; the change may be represented by the partial formula 
(CXXIX) — (CXXX). Since dehydrogenation of isosteviol gives 
pimanthrene a structure (CXXXI), analogous to that of phyllo- 
cladene, has been proposed for steviol; it is not rigidly established. 

Colombo root (Jatrorrhiza palmata Miers) contains a number of 
bitter principles. The structure of one of these, columbin, has re- 
cently been established (42) and is probably the most complex and 
subtle of the diterpenoids so far encountered. This may be judged 
by the fact that although extensive investigation had previously 
been carried out by other workers, notably Wessely and Feist and 
their respective collaborators, at the time of the investigation by 
Barton and Elad agreement had not been reached even as to the 
nature of the functional groups. 

Columbin has the formula C,,H,,0,. On mild treatment with alkali 
it is converted into an isomer, isocolumbin. Also, with alkali both 
substances behave as dilactones; four of the six oxygen atoms are 
thus accounted for. With acetic anhydride-sodium acetate both 
columbin and isocolumbin give the same monoacetate (not obtained 
with pyridine=acetic anhydride) and on methylation with dimethyl 
sulphate and alkali both substances give the same monomethy] 
ether. This hydroxyl group does not, however, give acidic reac- 
tions. The remaining oxygen atom is inert. 
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An important feature of the chemistry of columbin is the ready 
decarboxylation to decarboxycolumbin. Furthermore, although de- 
carboxycolumbin cannot be acetylated or methylated, zsocolumbin 
acetate and O-methylisocolumbin both lose one molecule of carbon 
dioxide at the melting point. As would be expected, the carbon di- 
oxide has come from a lactone group since the dicarboxy derivatives 
titrate now as monolactones. A number of systems including, for 
instance, /3-lactones, are known which lose carbon dioxide on heat- 
ing to the melting point, but few of these accommodate the relevant 
requirements. One further experimental fact stringently limits the 
possibilities, namely, that columbin readily decarboxylates, whereas 
dihydrocolumbin (42), prepared by hydrogenation over palladised 
calcium carbonate, does not. This was rationalised by Barton and 
Elad in the partial formula (CXXXII). If R =H, as in columbin, the 
product is (CXXXIII), which now contains a carbonyl group. If 
R = Ac or Me, then the product is (CXXXIV), an enol ether or ace- 
tate. It will be noted in (CXXXII) that the transition state appears 
to constitute a contravention of Bredt’s rule. This particular in- 
stance is analogous to the decarboxylation of (CXXXV) (43). 

The partial formula (CXXXII) contains three of the columbin oxy- 
gen atoms. There remains one lactone and the inert oxygen. The 
empirical formula of columbin requires a total of ten double bond 
equivalents. If it is bicyclic then so far they have been disposed 
as follows: two for the bicyclic skeleton; two each for the lactone 
rings (one for the ring and one for the carbonyl) and one for the 
ethylenic linkage in (CXXXII), making a total of seven. Three thus 
remain, Two of these were presumed ethylenic linkages because 
more vigorous hydrogenation of columbin gave octahydro derivatives 
in which, however, hydrogenolysis has taken place because the 
products from columbin and isocolumbin are lactonic acids. 

These two ethylenic linkages, the inert oxygen and the remain- 
ing double bond equivalent, were believed to be combined as a 
furan, and there was ultra-violet and infra-red evidence to support 
this. Confirmation was obtained by ozonolysis of dihydrocolumbin 
when the major product was a C,, acid. This corresponds to the con- 
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version of (CXXXVI) to (CXXXVII). Since only formic acid could 
be detected as a volatile acid this supported the contention that 
there was no alkyl substituent in the furanring. The partial formula 
(CXXXVI) could, be expanded for the following reasons. Of the two 
lactones in columbin one is reversibly opened with alkali and the 
other is not. The remaining lactone in decarboxycolumbin is also 
reversibly opened. Hydrogenolysis requires, in general, allylic or 
vinylic attachment to a double bond. In this case vinylic attach- 
ment can be excluded since alkali-catalysed opening would lead 
to an unstable enol. Now since reduction of the double bond in 
(CXXXII) precedes hydrogenolysis it follows that it is the other 
lactone which is both reversibly opened with alkali and is % to an 
ethylenic linkage. The ethylenic linkage concerned in this case 
will be that of the furan ring. (CXXXVI) may thus be expanded to 
(CXXXVIII). 

This summarises briefly the evidence available for characterisa- 
tion of the functional groups of columbin. Previous work directed 
to the elucidation of the carbon skeleton was not simply rationalised. 
Zinc distillation of columbin gave o-cresol and 1:2: 5-trimethy] 
naphthalene (CXXXIX), Fusion with potassium hydroxide gave 
2:4-dimethylbenzoic acid (CXL) and 2-methylterephthalic acid 
(CXLI). Oxidation with manganese dioxide and sulphuric acid gave 
(CXLII) and (CXLIII). This evidence suggested the bicyclic nu- 
cleus was substituted as in (CXXXIX), Hydrogenation of decarboxy- 
columbin gave, with hydrogenolysis, decarboxyoctahydrocolumbinic 
acid, Reduction of this with lithium aluminium hydride and dehydro- 
genation again gave (CXXXIX), With the object, now, of locating 
the carbonyl group of the lactone in (CXXXII) the hydrogenolysis 
product of columbin, octahydrocolumbinic acid, was also reduced 
with lithium aluminium hydride. Dehydrogenation of this, however, 
only gave (CXXXIX). Since the particular carbon atom which it 
was intended to retain is not attached to a quaternary carbon atom 
it should not have been eliminated; the only alternative is that one 
of the methyl groups in (CXXXIX) itself results from a migration 
from an adjacent quaternary position, This is similar to a 1:2 
shift of the Wagner kind taking place under the vigorous, and pre- 
sumably acidic, conditions of selenium dehydrogenation. This was 
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confirmed as follows. Decarboxyoctahydrocolumbinic acid contains 
the function (CXXXIII). Wolff-Kishner reduction removed the car- 
bonyl group, and selenium dehydrogenation then gave 1-methy]-2- 
naphthoic acid (CXLIV) in which no migration has occurred to give 
a substituent at C,. On the other hand, reduction of the carbonyl 
to hydroxyl, giving decarboxydecahydrocolumbinic acid, and dehy- 
drogenation gave (CXLV) in which methyl migration has taken 
place. Migration, as expected, therefore only takes place when an 
oxygen function is present to provide by elimination, a carbonium 
ion. From this it was concluded that a methyl group was present 
& to the lactone carbonyl and that the lactone carbonyl was at- 
tached at C, (naphthalene numbering). This gives, for columbin, 
the partial formula (CXLVI). The position of the side-chain bearing 
the furan ring is marked by the methyl group in (CXLIV), whilst the 
position of the second lactone is marked by the carboxyl group in 
the same compound. The other end of the second lactone termi- 
mates & to the furan ring. Two possibilities were then present: 
either columbin has a 0- and a y-lactone, in which case it was rep- 
resented by partial formula (CXLVII), or it had two y-lactones, and 
was represented by (CXLVIII), The side-chain in (CXLVII) re 
sembles that of marrubiin, It was established by Kuhn-Roth deter- 
mination and quantitative infra-red measurements of the 1380 cm 
C—Me band that columbin contained two C-—Me groups; (CXLVII) 
was therefore correct. It was not found possible to differentiate 
between lactone sizes directly on the basis of infra-red spectra. 
The angular methyl group to be added to (CXLVII) may be placed 
at two points giving (CXLIX) or (CL). (CL) was preferred as ac- 
counting better for the formation of o-cresol, (CXL), and (CXLI) on 
vigorous degradation. The remaining point, the change from colum- 
bin to isocolumbin, is interpreted as epimerisation at the carbon 
atom to the carbony] group. 
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THE TRITERPENOIDS: I 


The triterpenoids constitute by far the largest terpenoid class. 
They have been known and investigated for over 100 years, but it is 
only within the last 25 years that serious progress has been made 
towards the elucidation of their structures. They are widely dis- 
tributed in nature, for the most part in the vegetable kingdom. 
Amongst the exceptions are the hydrocarbon squalene, first ob- 
tained from shark liver oil, ambrein from ambergris, and a number of 
tetracyclic substances isolated from wool fat. The latter substances, 
including lanosterol, have structures which do not conform to the 
isoprene rule, and in fact may be considered to be trimethyl] steroids. 
Since their reactions are closely allied to those of the triterpenoids 
they are included here. 

The triterpenoids occur in the plant kingdom as esters, as glyco- 
sides, or in the free state. Few of the glycosides havé been ob- 
tained pure or have been adequately characterised. The Sugar 
moieties include pentoses, such as arabinose, xylose, and rhamnose, 
and hexoses such as glucose, fructose, and galactose. Units of 
glucuronic or galacturonic acid may also be included. The saponins 
are water-soluble and lower surface tension, and are used for their 


foaming properties. A few of the-better characterised Saponins are 
given in Table 1. 
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TABLE: 1 


Triterpenoid Saponins 


Saponin Source Sapogenin Sugar 
Asiaticoside Centella asiatica Asiatic acid Glucose, rhamnose 
Cyclamin Cyclamen europaeum Cyclamiretin Glucose, arabinose 
Aescin Horse chestnuts Aescigenin Glucose, galactose, 

glucuronic acid, 
etc. 
o-Hederin Ivy leaves Hederagenin Fructose, arabinose, 
rhamnose 
Quinovin Cinchona bark Quinovic acid D-Quinovose 
(isorhodeose) 
Soapnut saponin Sapindus spp. Hederagenin Fructose, arabinose, 
rhamnose 
Sugar beet Sugar beet Oleanolic acid Glucuronic acid 


saponin 
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The triterpenoids may be classified into three groups as fol- 
lows: (a) ambrein and squalene, (b) the tetracyclic triterpenoids, 
and (c) the pentacyclic triterpenoids. The first group, as mentioned, 
consists of only two substances. The second group consists of the 
so-called methylated steroids. Here also are included a number of 
substances which contain 31 carbon atoms because they bear the 
same relationship to the ergostane series as do the C,, compounds 
to the cholestanes. The third group is by far the largest and is it- 
self normally divided into three further sub-groups. These are: the 
Q-amyrin group, the {-amyrin group, and the lupeol group. This 
division is, however, somewhat arbitrary. It arose when full struc- 
tures were not known and substances were related to the simplest 
alcohol with the same skeleton. Since then, the full structures have 
been elucidated and still more recently conversions from one group 
into another have been accomplished. It is now believed (see Chap- 
ter 5) that there may be a single biogenetic scheme for all these 
triterpenoids with thirty carbon atoms with squalene (or its equiva- 
lent) as progenitor. In fact, since the promulgation of the theory, 
two predictable, but then unknown, skeletal structures have been 
found in nature. 

The division of the triterpenoids into classes is, in this view, 
without much significance. It will be adhered to because of its 
convenience in discussing the chemistry within the groups. 

The difficulties which were encountered in the structural work on 
the triterpenoids were very considerable. With this work and much 
of the brilliant achievement thereof must be associated the name of 
Leopold Ruzicka. These difficulties were manifold. Functional 
groups, through which degradation and opening of the molecule 
could be achieved, were either at one remote end of the molecule or, 
if they happened to be situated in the centre, unreactive. 

The method of sulphur dehydrogenation used with such success 
by Ruzicka on the sesquiterpenoids, when applied to the triterpen- 
oids, resulted in disruption of the molecule. The products were 
largely naphthalenic fragments. However, from a study of these and 
of certain pyrolytic reactions (which resulted in a cleavage of the 
molecule into isolable portions) a vast body of evidence was built 
up, which finally enabled the deduction of the complex structures. 
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It may be mentioned that the mass spectrometer (1) can render use- 
ful service here since accurate molecular weight may be obtained 
which distinguishes readily between C,, and C;, substances, a 
process difficult on the basis of mere carbon and hydrogen analysis. 
By this technique also, the side-chain, if any, may be cleaved in 
one piece, and its molecular weight determined. 


SQUALENE 


As already mentioned squalene was first isolated from the liver 
oils of sharks. Soon after it was found in other fish oils and in the 
oils from sharks eggs. Since then it has been realised that its dis- 
tribution in nature is, in smaller amounts, far more widespread than 
had been imagined. It has been isolated from such varied sources 
as fungi, human ear wax, and hair oil. 

Until 1930 the results of chemical investigation had revealed that 
squalene probably contained six double bonds, was acyclic, and 
gave crystalline hexahydrobromides and hydrochlorides. There was 
some doubt about the homogeneity of the derivatives and consider- 
able doubt about that of the hydrocarbon itself. Much of this dubiety 
was resolved by the careful investigations of Heilbron and his col- 
leagues (2). The gross constitution of squalene was proven by 
Karrer and Helfenstein (3) when they synthesised, by the action of 
sodium or magnesium on farnesyl bromide (II), a hydrocarbon giving 
the same two hexahydrochlorides (separated by fractional crystal- 
lisation) as given by natural squalene. No conclusions regarding 
geometrical isomerism could be drawn, since in any case the far- 
nesyl bromide was inhomogeneous. It has, in fact, been shown by 
Dauben and Bradlow (4), by the use of deuterium, that synthetic 
squalene contains exo methylene groups. Furthermore, the hydro- 
carbon recovered from the hydrochlorides is not squalene, but is 
probably a mixture of some of the more than a thousand possible 
isomers. 

Two problems had to be solved before the stereospecific syn- 
thesis of natural squalene could be attempted. Firstly, it was nec- 
essary to know its geometry. Evidence was eventually provided by 
X-ray diffraction measurements of the thiourea adducts that squalene 
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is the all-trans isomer represented in (I) (5). The second difficulty 
was that of a criterion of identity. Infra-red spectroscopy was not 
found sufficiently sensitive, and the method finally adopted was the 
following. It was known (Chapter 5) that squalene could be con- 
verted enzymatically into lanosterol. This reaction is, as are most 
enzymic processes, stereospecific; the squalene recovered by the 
hydrochloride is, for instance, inactive. 

With these problems solved, the synthesis of squalene was at- 
tempted by two groups (6,7) using a similar route. This involved 
the use of the Wittig reagent prepared from 1: 4-dibromobutane and 
triphenylphosphine (8). In general the Wittig reaction is that be- 
tween a triphenylalkylphosphorus ylide of the general formula 


ears 
(GAT). P CHR 


and a carbonyl group, R,R,+ CO, when the oxygen of the carbonyl 
group is replaced by the alkyl moiety of the reagent to give 
R,R,C==CHR. In the present case the reagent was reacted with 
homogeneous trans-geranylacetone (III). The hydrocarbon obtained 
(consisting of a mixture of geometrical isomers about the double 
bond formed in the reaction) was then purified through the thiourea 
adduct. The final product was the trans isomer because the cis 
isomer has not dimensions suitable for the formation of a stable 
clathrate (9). The hydrocarbon was spectroscopically indistinguish- 
able from natural squalene, and has been reported to be enzymically 
active, 


AMBREIN 


Ambrein is a tricyclic tertiary alcohol, first isolated in 1820, 
which is obtained from ambergris. The structural investigations 
took advantage of the fact that under quite mild oxidative conditions 
the molecule could be broken into two main fragments. 

After the empirical formula C3oHs,0 had been established (10) it 
was shown, by peracid titrations and by the preparation of a satu- 
rated tetrahydroambrein, that ambrein contained two double bonds. 
Since ambrein could be readily dehydrated to a hydrocarbon, ambra- 
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triene, and because it could not be acetylated under normal condi- 
tions the oxygen function was presumed a tertiary alcohol. Am- 
brein was therefore tricyclic. Oxidation with ozone gave a lactone 
C,,H,,0,, a diketone C,,H,.0,, and formic acid, all carbon atoms 
being accounted for; the isolation of the formic acid strongly sug- 
gested the presence of an exo methylene group. The diketone (IV) 
was shown to be a 1: 5-diketone since it was readily cyclised by an 
internal aldol condensation in the presence of base to a (-hydroxy 
ketone. This could be dehydrated with acid to give (V), an &: B- 
unsaturated ketone; the structure (V) assigned was later confirmed 
by synthesis. The lactone C,,H,,0, was attributed the structure 
(VI). It was also obtained (11) from ambrein by permanganate oxi- 
dation accompanied, in this case, by dihydro-y-ionone (VII). The 
structure (VIII) for ambrein rested, then, on the structure assigned 
to the lactone (VI) which was named ambreinolide. This was rigidly 
confirmed in several ways. Treatment of ambreinolide with strong 
acid gave the unsaturated acid (IX), which could in turn be hydro- 
genated to (X). The methyl ester of this, by reaction with phenyl- 
magnesium bromide, gave a diphenylcarbinol which was dehydrated 
and oxidised to give (XI) (Barbier-Wieland degradation). This acid 
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had been previously obtained by oxidation of a derivative of manool, 
tetrahydromanoene (XII). This established the constitution of the 
carbon skeleton of ambreinolide, but did not distinguish between 
structures (VI) and (XIII). Decision was reached by examination of 
the minor products of permanganate oxidation. One of these was 
identical with a substance of known structure (XIV) obtained by the 
oxidation of sclareol. Further evidence was obtained by correlation 
with manool. This was achieved by oxidation of manool to (XV) 
followed by further conversion to ambreinolide (VI). Finally am- 
breinolide was synthesised by Dietrich and Lederer (12) from far- 
nesyl bromide (II). The acid (XVI) was cyclised with formic acid 
to give DL-ambreinolide. 

Amongst the acidic products obtained in the permanganate oxi- 
dation of ambrein was a hydroxy acid (XVII). This could be de- 
hydrated with acid to give (XVIII) then hydrogenated to (XIX). The 
importance of this sequence of reactions lies in the fact that (XIX) 
was an acid previously obtained from oleanolic acid (page 138) and 
so establishes a relationship between ambrein and one group of the 
pentacyclic triterpenoids. 


THE TETRACYCLIC TRITERPENOIDS 


The tetracyclic triterpenoids are a group of substances which 
have been investigated only recently. An intensive effort by sev- 
eral groups of workers has elucidated the structures of some twenty 
of these compounds within the last five years. Most of the mem- 
bers of this group have a gross structural similarity but differ in 
certain major points of stereochemistry. This difference results in 
a remarkable divergence in chemical properties which can only be 
properly understood when the conformational aspects are also taken 
into account. The two main families in this group of compounds to 
which most others are related are ‘represented in the two substances 
lanosterol and euphol, and these are accordingly dealt with in much 
more detail. 
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THE LANOSTEROL GROUP 


Lanosterol 


The unsaponifiable fraction of wool fat contains cholesterol (XX) 
together with what was considered at one time to be another pure 
substance, ‘‘isocholesterol.’’ Later it was found that this was a 
complex mixture and it was shown by Ruzicka and his co-workers 
(13), by a prolonged and detailed fractional crystallisation and by 
the use of chromatography, that four substances were present. These 
were lanosterol (XXI), dihydrolanosterol (XXII), agnosterol (XXIII), 
and dihydroagnosterol (XXIV). Later it was shown that cryptosterol, 
a constituent of the yeast sterol mixture, was identical with lanos- 
terol. Although previous work was of much assistance the struc- 
tures of this group of substances was completely solved in the 
period 1949-1954 by Ruzicka and Jeger in Zurich, Barton in Lon- 
don, and McGhie, also in London, together with their collaborators. 

Hydrogenation of lanosterol gives dihydrolanosterol (XXII) which 
still contains one double bond resistant to further hydrogenation. 
Since lanosterol has the composition C,,Hs,O and the oxygen is 
alcoholic it must, therefore, be tetracyclic. Some indication of the 
Structure was given by the isolation of 1:2: 8-trimethylphenanthrene 
(XXV) as the main product of selenium dehydrogenation. The alco- 
hol was shown to be secondary by oxidation to a ketone, and its 
presence in a six-membered ring, with a methylene group flanking it, 
was shown by the series of reactions (XXVa) —> (XXVb). Further 
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indication was given by the reaction sequence (XXVc) — (XXVd), 
which was carried out on dihydrolanosterol. The first dehydration 
step is one encountered in other triterpenoids; for it to take the 
given course it is necessary that the oxygen atom, C,, C,, and C, 
be coplanar. Thereby the departure of the oxygen (presumably as a 
phosphorus chloroester) is facilitated by the approach of the elec- 
trons constituting the C,-C, bond as illustrated in (XXVI). This re- 
quirement (anticipating the stereochemistry of the ring junction) 
implies that the hydroxyl in lanosterol is in the B (equatorial) 
configuration. 

The environment of the easily hydrogenated double bond in lanos- 
terol was shown by ozonolytic cleavage to give acetone; that of the 
inert double bond was deducted from a study of a large number of 
oxidation products. Infra-red spectral data suggested that it was 
tetrasubstituted, and this was confirmed when dihydrolanostery] 
acetate (lanostenyl acetate) (XXVII) was oxidised with selenium 
dioxide, N-bromosuccinimide (NBS), or perbenzoic acid. A com- 
pound was obtained which had the characteristic ultra-violet ab- 
Sorption of a heteroannular diene as in (XXVIII). This substance 
was then identified as dihydroagnosteryl acetate. The conversion 
of (XXVII) to (XXVIII) presumably takes place as follows: with 
selenium dioxide either by allylic abstraction of hydrogen or by 
allylic hydroxylation and dehydration, with NBS by allylic bromina- 
tion and dehydrobromination, and with the peracid through an epox- 
ide followed by cleavage and dehydration. 

The most characteristic oxidation product (XXIX) to be obtained 
from dihydrolanosterol derivatives (13) is that produced by the ac- 
tion of chromic acid. It contains the system ..-© O_O. Ce 
in a completely transoid arrangement and may be recognised by its 
yellow colour, and by its ultra-violet and infra-red spectra. A char- 
acteristic of the enedione system, independent of its stereochemistry, 
is its reduction with zinc and acetic acid to the saturated diketone 
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as in (XXX). The formation of (XXIX) required that the inert double 
bond be flanked by two methylene groups. Further, the infra-red 
data (band at 1697 cm‘) of (XXX) indicated that the two carbony! 
groups, in the flanking rings of the double bond were in six-membered 
rings, and hence implied the partial structure (XXXI). Oxidation of 
(XXIX) with selenium dioxide in boiling acetic acid gave (XXXII), 
further oxidised by the same reagent to (XXXII). (XXXII) showed 
a band in the infra-red at 812 cm‘ indicating the formation of a 
triply substituted double bond, and (XXXIII) was shown to contain 
an U-diketone system by cleavage with alkaline hydrogen peroxide 
(14,15). The residual chromophore in (XXXIV) showed extended 
conjugation (A... 251 mu). The conclusions so far were supported 
by the production of (XXXV) by the selenium dioxide oxidation of 
dihydrolanosteryl (lanostenyl) acetate, and its further oxidation by 
chromic acid to (XXXIII). The compound (XXXII) gave no indica- 
tion of enolisation and resisted further oxidation. This suggested 
that no carbon atom & to the chromophore bore a hydrogen atom. 
This requires the partial formula (XXXVI) for dihydrolanosterol 
(lanostenol). 

The next problem was to distinguish between the alternative 
possibilities that the two rings in (XXXVI) were B and C or C 
and D. The fact that so many quaternary carbon atoms were & 
to the chromophore strongly favoured the B/C formulation. Proof of 
this was obtained in some clear and unambiguous experiments by 
Barton and his co-workers (14). The alcohol (XXXVI) Containing 
the grouping (XXXIII) was treated with phosphorus pentachloride. 
The same ring contraction as previously described occurred and 
gave (XXXVIII). Since the chromophore changed from Ajed S 285 mu 
(in XXXVII) to 265 and 363 my (in XXXVIII), the introduced double 
bond was conjugated with the main chromophoric system. This was 
confirmed by peroxide fission to (XXXIX) which still contained an 
extended conjugated system. 

It has been suggested that the q positions to the chromophore 
(XXXII) are occupied by quaternary carbon atoms; some of these 
must be methyl groups. The isolation of 1: 2: 8-trimethylphenan- 
threne (XXV) by selenium dehydrogenation was open to two inter- 
pretations. Either the ting containing two methyl groups was ring 
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A or it was ring C, as shown in (XL) and (XLI), respectively. In 
the former case the uncoupling of the methyl groups and migration 
would be initiated by the adjacent hydroxyl group, as in the case of 
columbin (page 58). This possibility was eliminated when it was 
found that the hydrocarbon lanostene (XLII) gave a greater yield of 
the hydrocarbon than did lanosterol. It therefore followed that a 
methyl group was attached both at C,, and C,, in lanosterol giving 
the part formula (XLII). Ring D was attached in the manner shown, 
but the size of this ring was as yet unknown. 

An indication of the nature of the side-chain was obtained when 
Barton, McGhie, and their co-workers (16) isolated 6-methylheptan- 
2-one (XLIV) from the vigorous oxidation of lanostenyl acetate. By 
the reduction of the diketone (XXX) with sodium and propyl alcohol 
followed by acetylation, Barton and his co-workers (17) obtained 
(XLV). This, by vigorous chromic acid oxidation, gave amongst 
other products, the saturated ketone (XLVI), and the infra-red spec- 
trum of this ketone showed that the carbonyl group was in a five- 
membered ring. Also, from quantitative measurements in the infra-red 
(at 1410 cm“) in the region associated with methylene groups adjacent 
to carbonyl groups, it was concluded that the carbonyl group was 
flanked by one, and not two, methylene groups. Position 16 which was 
in accord with the isoprene rule was therefore excluded for the attach- 
ment of the side-chain. The same conclusion as regards the size of ring 
D was reached by Jeger, Ruzicka, and their colleagues by a stepwise 
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degradation of lanosterol to (XLVIII). The starting material was 
crude ‘‘isocholesterol.’’ This was oxidised with chromic acid in 
which process three carbon atoms from the side-chain were lost, 
leaving amongst other products, a C,, acid. The enedione chromo- 
phore (XXIX) was simultaneously introduced and the alcohol was 
oxidised to ketone. After Wolff-Kishner reduction and methylation 
it was possible to isolate the pure ester (XLVII). This was degraded 
as shown by a modification of the Barbier-Wieland method (19,20). 
The carbonyl groups remaining in (XLIX) are resistant to Wolff- 
Kishner reduction under normal conditions. 

The possible point of attachment of the side-chain was now 
limited to C,, or C,,, Cy, having been excluded. Of these C,, fits 
the isoprene rule, which C,, does not, but on the other hand Gets 
suggested by analogy with the steroids. The decision in favour of 
Ci, was made, chemically (21), by the degradation of the compound 
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(L). This was obtained in a manner similar to (XLIX); the carbonyl 
group at C,, being more reactive than that at C,,, was removed by 
formation of the ethylene thioketal R «C= =(SCH,+CH,S) and de- 
sulphurisation with Raney nickel. Stepwise degradation gave, by 
steps similar to those already shown, (LI), which was then oxidised 
successively by a variety of reagents to give, through an inter- 
mediate /(3-keto acid, (LIII). Since during the formation of (LIII) the 
carboxyl in (LIV) had been lost, and since the equivalent compound 
(LII) prepared in a similar way was stable, it follows that the driving 
force for decarboxylation to (LIII) must be the newly introduced 
carbonyl group. It must therefore be 3 to the carboxyl, that is at 
Cise 

Shortly prior to this last series of experiments, and before the 
position of attachment of the side-chain was known, the complete 
Structure, as revealed by X-ray diffraction analysis of lanostenyl 
iodoacetate, was announced. This, of course, included the stereo- 
chemical details (22) shown in (XXI). Chemical evidence was also 
forthcoming, and molecular rotation arguments further suggested 
that the stereochemistry paralleled that of the steroids, the repre- 
sentation of which is the absolute configuration. A degradation 
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product (LVI) of some interest was obtained from (LV). This acid 
had previously been obtained from manool, and manool in turn has 
been correlated with abietic acid and with oleanolic acid. The iso- 
lation of (LVI) therefore amounted to a correlation, in terms of ab- 
solute configuration, of lanosterol with the diterpenoids and the 
pentacyclic triterpenoids. 

One further transformation product of lanosteryl acetate requires 
mention. With hydrogen chloride in chloroform it is partly converted 
into isolanosteryl acetate (LVII), a mixture of this and lanosteryl 
acetate being obtained from whichever side the equilibrium is 
reached. The ethylenic linkage resists hydrogenation, as does that 
in lanosterol. Proof of its position was obtained, amongst other 
ways, when it was found that it was produced from the ketone (LVIII) 
by Wolff-Kishner reduction. In this reaction a bond migration takes 
place and is a well-established process. Presumably the carbanion 
obtained in the Wolff-Kishner decomposition prefers to protonate 
after, and not before, an allylic rearrangement; alternatively the 
loss of nitrogen may take place through a six-membered cyclic transi- 
tion state. 
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Shortly after the constitution of lanosterol was established the 
conversion of cholesterol (LIX) into lanostenol was reported. Some 
time later, the further conversion of lanostenol to both lanosterol 
and agnosterol having been accomplished, this completed the total 
synthesis of all the’ wool fat triterpenoids. The synthetic route is 
summarised (23) in the scheme opposite. Although the original 
paper must be consulted for details of the processes involved, some 
few aspects of this brilliant synthesis will be considered here. 
The methylation of (LX) to (LXI) appears to be a fairly general 
phenomenon, and examples of this reaction on simpler substances 
were recorded by Conia (24). The rearrangement of the diene 
(LXII) to (LXIII) is one encountered in steroid chemistry in the 
formation of ergosterol-B III. Introduction of the methyl group at 
C,, must occur from the rear of the molecule because of the con- 
siderable steric hindrance to the frontal approach of a reagent. 
The oxidation of (LXIV) (lanostenyl acetate) to (LXV) with the 
loss of three carbon atoms occurs under vigorous oxidative con- 
ditions and in somewhat poor yield. The same compound was obtained 
also from the lanosterol mixture from isocholesterol and was used 
as a relay. The Huang-Minlon modified Wolff-Kishner reduction 
was sufficient to remove the C, carbonyl group; the more forcing 
conditions necessary to remove the C,, carbonyl group could not 
be used directly on the enedione (LXV) since the intermediate 
double bond was then reduced, possibly by the alkoxide. This 
could be used, however, after the C, carbonyl group had been re- 
moved. The intermediate (LXVII) was reduced with lithium alumi- 
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nium hydride to the allylic alcohol (LXVIII). This, on heating with 
acetic anhydride and a trace of toluene-p-sulphonic acid, gave 
agnosteryl acetate. By inter-relating lanosterol with other triter- 
penoids, the deduction of these structures was, in turn, now pos- 
sible. 


Cycloartenol 


One of these, cycloartenol (LXIX), was the first triterpenoid to 
be discovered containing a cyclopropane ring (25). The presence 
of this unusual function was shown spectroscopically and, more 
persuasively, by cleavage with acid to form a double bond. Later, 
Spring and his associates (26) showed that the main product of the 
cleavage was lanost-9(11l)-enyl acetate (LXX). This had been 
prepared from the ketone (LXXI) by reduction and dehydration. The 
problem remaining was the decision between a number of possi- 
bilities for the position of the cyclopropane ring. The position 
was simplified when it was shown by Cole (27) that cycloartenol 
had a band in the infra-red at 3045 cm™! characteristic of a methyl- 
ene group in a cyclopropane ring. On the assumption that the ion 
(LXXII) is the product of cyclopropane cleavage, and that rear- 
rangement does not occur, only two structures are possible for 
cycloartanol. The reason for the postulation of the ion (LXXII) 
was that the 9(11) double bond could not be isomerised under the 
acid conditions used for ring opening nor could the 8:9 and 7:8 
double bonds be isomerised to it. Of the two structures, (LX XIII) 
and (LXXV), the former, which would require non-Markownikoff 
cleavage of the cyclopropane ring, was excluded by Spring and his 
colleagues (26) by ring opening with deuterium chloride, a tech- 
Mique first used on phyllanthol (page 168). If (LXXIII) had 
been correct, oxidation to (LXXIV) would have removed the deu- 
terium; (LXXIV) still contained .the original deuterium content. 
The correctness of (LXXV), the alternative, was shown by Spring 
and his co-workers by conversion of cycloartanone (LXXVI) 
to the &:-unsaturated ketone (LXXVII) which showed in its ultra- 
violet spectrum that the double bond was conjugated with the cyclo- 
Propane ring. The same conclusion was reached by Barton, Warn- 
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hoff, and Page (28) who carried out quantitative measurements on 
the 1380 cm band in the infra-red on the deuterated (LXXVIII) 
and non-deuterated lanost-9(11)-ene. This band (CH bending) is 
characteristic of non-geminal methyl groups. The grouping —- CH,D 
does not absorb in this place, and these authors were able to show 
that the deuteration resulted in a diminished intensity in this re- 
gion. It is interesting that the cleavage of the cyclopropane ring is 
diaxial in the manner analogous to that of epoxides. The solution 
of this structural problem presents an elegant employment of mod- 
ern techniques. It will be noted that the presence of the cyclo- 
propane ring together with the known configuration at C, (8) in 
(LXX) requires that the ring B/C fusion in (LXIX) be cis. 

Shortly after the problem of cycloartenol was solved a related com- 
pound having, however, thirty-one carbon atoms was isolated from 
opium. This substance, cyclolaudenol (LXXIX) (29), was degarded to 
the methyl ketone (LXXX) also obtained from cycloartenol. The car 
bon skeleton of cyclolaudenol is the same as that of a number of 
triterpenoids isolated from wood-rotting fungi (Basidiomycetes). 
These triterpenoids are acids and are obtained from naturally 
grown fungi and also from fungi grown on a medium in which glu- 
cose is the sole source of carbon. They appear to be accompanied 
by related substances, as in the case of agnosterol with lanosterol, 
with a heteroannular diene spectrum. A number of these are il- 
lustrated opposite. They are eburicoic acid (LXXXD), dehydro- 
eburicoic acid (LXXXII), polyporenic acid A, (LXXXIII), tumulosic 
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acid (LXXXIV), polyporenic acid C (LXXXV), and the C,, com- 
pound pinicolic acid A (LXXXVI) (30). 


Euphol 


The parent substance of the second main group of tetracyclic 
triterpenoids, euphol (LXXXVII), was first isolated in a pure con- 
dition by Newbold and Spring from euphorbium resin and it has 
since been isolated from a number of Euphorbia species. These 
authors showed that euphol was a tetracyclic alcohol, C,,H,,O, 
and that it had two double bonds, one of which could be hydro- 
genated. This reducible double bond was shown to be part of an 
isopropylidene group. On selenium dehydrogenation 1:2: 8-tri- 
methylphenanthrene was the only product. These reactions parallel 
those of lanosterol very closely. The similarity was emphasised 
when the diketone (LXXXVIII) was obtained from dihydroeuphyl 
acetate (euphenyl acetate) (LXXXIX) by chromic acid oxidation. 
Further evidence was obtained when it was shown that euphol 
underwent the typical triterpenoid alcohol ring A contractions. 
Also, oxidation of (LXXXVIII) with selenium dioxide led to the 
same diene-trione chromophore (XXXIII) as had been obtained from 
lanosterol indicative of the same partial structure (XLIII). 

These resemblances were immediately striking. Evidences for 
differences, though of a more subtle kind, also began to accumulate. 
The oxides, for instance, of the inert double bond in lanosterol 
derivatives are very unstable giving the heteroannular dienes very 
easily. The corresponding euphol derivatives require acidic dehy- 
drating agents for this reaction. There were also small differences 
in the position of the chromophores in the ultra-violet, and larger 
discrepancies in molecular rotation differences. 

The most important difference in behaviour was the transforma- 
tion of euphenyl acetate to tsoeuphenyl acetate with acid. This 
reaction is not the same change as the conversion of lanosteny] 
acetate to zsolanostenyl acetate, that is merely the shift of a 
double bond. Both spectral and chemical evidence indicated that 
the double bond in tsoeuphenyl acetate was tetrasubstituted. Thus 
reaction with osmium tetroxide (31) gave a glycol cleaved with lead 
tetraacetate to a diketone; this diketone did not react with hypo- 
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iodite. It was believed, also, that ring D was five-membered as in 
the lanosterol series because the intensity of the 1380 cm~* band 
of euphene and lanostene were identical, requiring the same number 
of methyl groups, leaving, therefore, no unaccounted for carbon 
atoms. Nevertheless, the reason for the different course of the 
acid-catalysed reaction was attributed to some feature in ring D. 

It was first considered that the rearrangement might proceed in a 
manner somewhat similar to the behaviour of certain A® steroids 
though the latter have, of course, the side-chain attached to C,,. 
In that case the change of euphenyl acetate to isoeuphenyl acetate 
would be represented by the partial formulae (XC) and (XCI), But 
the formulation (XC) for euphenyl acetate did not account for the 
formation of 1:2: 8-trimethylphenanthrene on dehydrogenation. This 
required the presence of methyl groups at both C,, and C,, and led 
to the proposal that the change might be represented as (XCII) —> 
(XCIII). This structure for isoeuphenyl acetate was later rendered 
untenable (32) when it was shown that the dikerone obtained by 
cleavage of the double bond reacted with five moles of bromine. 
This diketone on the basis of (XCIII), would be (XCIV) having 3 
4 hydrogens only. To account for this and for the spectroscopic 
evidence for two —-CH,—-CO-— groups it was proposed that iso- 
euphenyl acetate was (XCV) and the diketone (XCVI). The same 
conclusion was reached by a more systematic degradation. Oxida- 
tion (33) of isoeuphenyl acetate with tert-butyl chromate gave 
amongst other products the & :3-unsaturated ketone (XCVII). Ozo- 
nolysis led to cleavage of the double bond and the formation of a 
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C,, keto acid (XCVIII) and optically pure D(—)-2 : G-dimethylhep- 
tanoic acid (XCIX), These facts require that the five angular 
methyl groups in zsoeuphenol be in rings A, B, and C. Dehydro- 
genation of euphadiene (C) gave, as expected, 1:2: 8-trimethyl- 
phenanthrene; zsoeuphadiene (CI) gave 1:2 :5-trimethylnaphthalene. 
The fission of the molecule between rings B and C, because of the 
presence of the angular methyl group at C,, occurs also in the 
pentacyclic triterpenoids. Aromaticity can only be achieved by 
elimination of this group or by fission. The formulation of a struc- 
ture for euphol requires that the evidence for ring D, the dehydro- 
genation products, and the conversion to isoeuphol type substances 
be accommodated. It is also required to explain why a similar 
rearrangement does not take place in the lanosterol series. This is 
explained by the structure (LXXXVII). If the first step in the re- 
arrangement of both lanosterol and euphol derivatives is protonation 
at C, then the ions (CII) and (CIII) result. In (CII) the methyl at 
C,,, should it move, will do so over the & face of the molecule to 
give the ion (CIV) in which there is now an unfavourable cis B/C 
fusion. The elimination of a proton from C, is therefore preferred, 
In (CIII) movement of the C,, methyl over the B face will give (CV). 
Here there is a trans B/C fusion which is far less strained than 
that in (CIV). Conversion to tsoeuphenyl derivatives then takes 
place by migration of the methyl group at C,, and elimination of a 
proton from C,, It is possible that this remarkable series of mi- 
gtations is concerted. If so then the side-chain would be required 
to have the & configuration to permit the concerted elimination of 
the C,, proton, and this has in fact been established.* 

The difference between euphol and lanosterol may be summarised 
as follows. In euphol, rings B and C are in an unfavourable con- 
formation, and in forming tsoeuphol the molecule is permitted to 
assume the favourable all-chair conformation (with a trans- anti- 
trans junction). In lanosterol there is no such conversion to a 


*If the reaction is concerted it should be noted that, in the case of 


lanosterol, protonation would be required to take place from the very 
hindered (3 face. 
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favourable conformation possible since it is (again allowing for the 
double bonds) already in the favoured all-chair conformation. Since 
in the conversion of euphol to isoeuphol a preferred conformation is 
adopted this has been considered to be the driving force for the 
reaction. The term ‘‘conformational driving force’’ has been pro- 


posed (32). 


Tirucallol 


The configuration at C,, in euphol, as shown by the isolation of 
D(—)-2 : G-dimethylheptanoic acid, is the same as in the steroids. 
The triterpenoid tirucallol was first isolated by Haines and Warren 
from Euphorbia tirucalli resin (34) in which euphol and the penta- 
cyclic triterpenoid taraxasterol also occur. In its transformations it 
closely parallels euphol with which it is isomeric. By a degrada- 
tion identical with that performed on euphol, tirucallol gave L(+} 
2:6-dimethylheptanoic acid, that is the enantiomorph of that ob- 
tained from euphol (35). Tirucallol was therefore presumed to 
differ from euphol only in the configuration at C,. and may be rep- 
resented by (CVI). This was later confirmed by the production from 
elemolic acid of both euphol and tirucallol by steps not involving 
C,,- Euphorbol (CVII), also isolated from Euphorbia species, is a 
C3, compound (36), By ozonolysis and Wolff-Kishner reduction 
euphorbol yielded tirucallenol. This established all but the posi- 
tion of the extra carbon atom lost as formaldehyde during the ozo- 
nolysis; analogy suggested that this was at C,,, and this was later 
confirmed. Manila elemi resin contains in the acid fraction two 
substances, O-elemolic acid and the corresponding keto acid, f- 
elemonic acid. The prefixes, arising out of some confusion in the 
literature, need not be further used. Most of the chemistry of these 
Substances again paralleled that of tirucallol. The alcohol had in 
this case, however, the & configuration (axial hydroxyl), the epimer 
being prepared by the reduction of elemonic acid. Although the 
elemi acids were extensively investigated—they were the first 
tetracyclic triterpenoids to be studied in detail—the elucidation of 
their structure awaited that of tirucallol. By the stages shown, 
elemonic acid (CVIII) was converted into tirucallenol. A by-product 
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(38) obtained in the reduction of the aldehyde was euphenol. This 
established conclusively, since this reaction did not involve C,,, 
that tirucallol and euphol differ only at Cy. 

This series of reactions whilst establishing much of the struc- 
ture and stereochemistry of the elemi acids did not fix the position 
of the carboxyl group. Although at one time considered tertiary 
because of its degree of hindrance, further work—for instance, the 
isolation of the C,. isomer euphenol—already mentioned, showed 
that it was in fact secondary, and its position with respect to the 
side-chain was clearly demonstrated by the cyclisation of acetyl- 
elemolic acid (CIX) with phosphorus pentoxide to an a : B-unsatu- 
rated ketone (CIXA) (35,37). 

These investigations into the relative stereochemistry of the 
lanosterol-euphol-euphorbol-elemolic acid group reached a bril- 
liant culmination in some work of the Zurich school (38). It had 
previously been shown by Barton and his colleagues that the di- 
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carboxylic acid (CXXXIV) obtained from lanosterol, when heated, 
lost carbon dioxide to give a neutral product—the phenolic lactone 
(CX). This was probably formed by the steps shown. During this 
transformation the asymmetry at C, and C,, is destroyed. By a 
similar series of transformations on tirucall-8-en-3 &-ol (CXI) the 
Zurich school obtained the lactone (CXII) which was the enan- 
tiomorph of (CX). This elegant work showed that the compounds 
of the elemolic acid-euphorboletirucallol series differed from la- 
nosterol at C,;, Cy4, Cy,, and C,,, whilst euphol differed at Ca 
Cy,, and Cy, only. Further confirmation of the diastereoisomerism 
of euphol and tirucallol has been provided by Warren and Watling 
who have transformed tirucalla-8:24-diene and the analogous 
euphadiene by degradation of the side-chain into products con- 
taining the side-chain —— CMe —= CH - CH == C(C,H,), in which the 
asymmetry of Cj, has been eliminated. The identity of the two 
products shows that the stereochemistry at C,, was the only dif- 
ference (39). 


Butyrospermol 


Butyrospermol, isolated from shea nut fat, was first characterised 
in pure form by Heilbron, Jones, and Robins in 1949, Like so 
many other members of this group it is a secondary alcohol with 
one easily reduced double bond present in an tsopropylidene group 
and a second double bond resistant to hydrogenation. Addition of 
bromine to the side-chain double bond in butyrospermy]! acetate, 
treatment with hydrogen chloride at 0°, and regeneration of the 
side-chain ethylenic linkage with zinc gave euphyl acetate. In a 
similar way dihydrobutyrospermy! acetate gave euphenyl acetate. 
Complications were at first encountered because of reaction of the 
hydrogen chloride with the side-chain double bond. Isobutyro- 
spermyl acetate obtained in this way was later shown to be eupha- 


2. THE TRITERPENOIDS: I 107 








R 
Hoot 
Hoot 
Of? 
(CXKKW) > 
R 
btn HOooc 
Hoo 
el 
SS 
Ho On HO OH 
“yw 
Ay, & 
H 
Ho OTe 
Cex) 





(cx1) (CxN) 





108 MAYO: THE HIGHER TERPENOIDS 


8:25-dienyl acetate (CXIII). The conditions of acidity required 
to convert dihydrobutyrospermol to euphenol were milder than those 
required to isomerise euphenol to isoeuphenol. Since dihydro- 
butyrospermol underwent the usual ring contraction and the product 
is not a conjugated diene, a possible structure (CXIV), which would 
have involved rearrangement in the formation of euphenol, was ex- 
cluded (40). It followed that butyrospermol was represented by the 
part formulae (CXV) or (CXVI). This view was reached also by 
Spring and his collaborators (41). The precise location of the 
double bond was ascertained independently by both groups. Halsall, 
Jones, and their co-workers (40) isomerised dihydrobutyrospermy] ace- 
tate in chloroform with deuterium chloride. The product should 
have been (CXVII) or (CXVIII) depending on whether (CXV) or 
(CXVI) were correct. Oxidation with chromic acid gave the 7-ketone 
(CXIX), which was shown to contain no deuterium. After demon- 
Strating that (CXIX) was not formed through the diene (CXX), this 
transformation proved the correctness of the formulation (CXV). By 
the oxidation of dihydrobutyrospermyl acetate with chromic acid 
Spring and his co-workers (41) isolated a ketone which contained 
an isolated ehtylenic linkage (yellow colour with tetranitromethane ). 
This compound, oxoapoeuphenyl acetate was stable to chromic acid 
and was unaffected by treatment with acid or base. Under vigorous 
acid conditions (hydrochloric-acetic acid) an isomeric non-con- 
jugated ketone was obtained, reduction of which by the forcing 
modification of the Wolff-Kishner reactions (42) gave isoeupheny]l 
acetate. The isomeric ketone with the tsoeuphenol skeleton did 
not have this oxygen function at Cy, or Cy, because oxidation of 
this ketone with selenium dioxide gave a keto isoeupha-11: 13(17)- 
dienyl acetate having the same spectrum in the ultra-violet as 
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(CXXI). The latter is obtained from isoeuphenyl acetate by the 
same reagent. It followed that the carbonyl group was at C, or C,. 
Two possible structures (CXXII) and (CXXIII) for oxoapoeupheny! 
acetate were excluded because they should be isomerisable to G: 
B-unsaturated ketones. Also, in the case of (CXXII), the formation 
of oxoapoeuphenyl acetate can only be visualised as proceeding 
through a diene such as (CXX); this was shown not to be an inter- 
mediate. (CXXIII) was also rejected because, apart from other 
reasons, the infra-red spectrum indicated that the isolated double 
bond was trisubstituted. The elimination of (CXXII) and (CXXIII) 
requires that some rearrangement take place during the oxidation. 
That there was a rearrangement was confirmed by the fact that 
apoeuphenyl acetate (obtained from the ketone by Wolff-Kishner 
reduction and reacetylation) on mild acid treatment gave zsoeupheny] 
acetate, whereas, in contrast, under the same conditions eupheny] 
acetate was unchanged and dihydrobutyrospermyl acetate was con- 
verted only to euphenyl acetate. It was then suggested that this 
rearrangement to the apo series was initiated by the oxidation at 
the 7:8 double bond with a synchronous migration of the C,, methyl 
group to Cs. The ion (CXXIV) could then proceed to give either 
(CXXV) or (CXXVI). Both (CXXV) and (CXXVI) may be conceived 
as giving rise, after protonation, to the tsoeuphenyl system. Al- 
though not rigidly proven Spring and his co-workers prefer (CXXV) 
and have provided evidence to support their view. However, in 
either case the ketone must be at C,, and this was confirmed by 
oxidation with selenium dioxide of the apoketone to the 4: B-un- 
saturated ketone (CXXVII) which rearranged with acid to give the 
isoeuphenyl skeleton. Since the postulated rearrangement does not 
involve C,, the configuration here must be the same as in iso- 
euphenol. Butyrospermol is thus (CXXVIII). The mildness of the 
conditions under which the rearrangement takes place is presumably 
another example of a conformational driving force. 


Masticadienonic Acid 


Gum mastic has been known and used for a very long period as a 
varnish. Although examined previously by Tschirch and Reutter 
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and by Casparis and Naef, it was not known to contain triterpenoids 
until examined by Mills by a paper chromatographic technique (43). 
This analytical method suggested the presence of a number of tri- 
terpenoid-like bodies and, following this, the gum was systemati- 
cally examined by Barton and Seoane (44). Amongst other tri- 
terpenoid products a substance, masticadienonic acid, C,,H,,0, 
was obtained. It was an :f-unsaturated acid and contained a 
carbonyl group. The conjugated ethylenic linkage was readily hy- 
drogenated giving the dihydro compound, and this product still 
contained an isolated double bond. Oxidation of this (CXXIX) with 
selenium dioxide gave the heteroannular diene (CXXX), and the 
same chromophore was produced by acid treatment of an epoxide 
formed from the inert double bond. Attempted hydrogenation in 
acetic acid with platinum as catalyst gave an isomer (CXXXI) 
which on oxidation with chromic acid gave the yellow transoid 
enedione (CXXXII). The nature of the chromophore was confirmed 
by the ultra-violet spectrum Neo 270 mp) and its reduction to the 
saturated diketone (CXXXIII). The nuclear double bond was there- 
fore at 7:8 (as in CXXIX) or at 9:11. 
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The problem at this stage was the identification of the basic 
carbon skeleton. Masticadienonic acid (CXXXIV) was converted to 
the dihydro derivative (CXXXV). This was reduced with lithium 
aluminium hydride, and the diol converted to the tosylate. Reduc- 
tion again with lithium aluminium hydride gave (CXXXVI). Acetyla- 
tion and the process of ‘‘hydrogenation’? again isomerised the 
double bond and gave tirucallenol. 

Two features remain for clarification. The position of the &:B- 
unsaturated carboxyl function was shown by ozonolysis to give 
acetic acid, The stability to alkali suggested the more stable 
trans configuration (as in tiglic acid) and this was supported 
by a study of spectra. The choice between the 7:8 and 9:11 
position of the double bond was resolved by catalytic deuteration 
over platinum. The product with the tirucallenyl structure con- 
tained the deuterium either at C, or C,, depending on the position 
of the original double bond. Ozonisation in ethyl acetate followed 
by treatment with ferrous ion gave 7-ketotirucallenyl acetate which 
contained no deuterium. The double bond, as represented in 
(CXXXIV), was therefore at the 7:8 position; the possibility that 
the diene (CXXX) was an intermediate in the oxidation, a possi- 
bility that would vitiate the results, was experimentally disproved. 
The configuration at C, was not established directly, but molecular 
rotation evidence strongly suggested that it was A, as in butyr- 
ospermol. 


Dammaradienol 


A number of neutral tetracyclic triterpenoids have been isolated 
by Mills from dammar resin (45). They consist of dammaradieno] 
and its related ketone, two monoethenoid diols, and their related 
ketols. These substances were closely related to each other, and 
the dehydration of both diol monoacetates (in which one hydroxy] 
gfoup -was tertiary) gave mixtures in which the presence of the di- 
ethenoid dammaradienyl acetate was shown. These compounds 
were directly correlated with the tetracyclic triterpenoids already 
described by hydrogenation of one of the monoethenoid diols mono- 
acetate to the saturated alcohol followed by acid-catalysed dehy- 
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dration. The product was a mixture of isotirucallenyl (CXXXVII) 
and isoeuphenyl acetate (CXXXVIII). Their formation must have 
proceeded through the common ion (CXXXIX). The ion (CXXXIX) 
could be formed from a number of tertiary alcohols by solvolysis 
and rearrangement. The position of the hydroxyl group was rigor- 
ously demonstrated by dehydration under conditions (phosphorus 
oxychloride and pyridine) which preclude the possibility of rear- 
rangements through carbonium ions. The product obtained was a 
mixture of (CXL) and (CXLI), since on subsequent ozonolysis 
formaldehyde and isohexanal were obtained. Bearing in mind that 
dammaradienyl acetate is formed by dehydration of the monoethenoid 
diol monoacetate and that it contains an exo methylene group, it 
follows that it is represented by the part formula (CXLII) with the 
remaining double bond to be placed. 

Oxidation of the monoethenoid ketols with chromic acid under 
mild conditions resulted in the formation of y-lactones. Three car- 
bon atoms were lost as acetone. This unusual reaction probably 
proceeds by the mechanism shown and provides evidence that the 
ethylenic linkage in these substances is as in lanosterol, tirucallol, 
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and related compounds. Dammaradienol is therefore (CXLIII) and 
the diols are represented by (CXLIV),. 

Although the relationship of this group of substances to euphol 
and tirucallol is clear, the production of a naturally occurring tri- 
terpenoid with the isoeuphenyl skeleton might be thought surpris- 
ing. In fact, the occurrence of this type of skeleton was a pre- 
dictable consequence of a theory of terpenoid biogenesis proposed 
by Ruzicka. Although this will be dealt with later (Chapter 5), it is 
sufficient to note here that the theory proposes that all triterpen- 
oids are biogenetically derivable from the acyclic squalene, or its 
equivalent. During the cyclisation stereospecific rearrangements 
may take place, all involving 1:2 shifts, leading to all the known 
triterpenoid structures in the correct stereochemical forms. At the 
time of proposal of this theory only squalene itself and ambrein 
were known which had the squalene skeleton intact. The dammar 
triterpenoids, discovered later, represented another member of this 
gtoup. However, their structural elucidation was preceded by that 
of onocerin, to be described below, which was also a squalene 
derivative. The cyclisation of squalene to the dammar triterpenoids 
may be represented as shown opposite. 


ONOCERIN 


The prediction of this type of structure by the theory represents 
a considerable triumph. If indeed the Process is as described then 
concertion of the cyclisation process requires that the C,, hydrogen 
be B, a fact not yet verified chemically. The first tetracyclic 
triterpenoid to be identified as theoretically derivable from squalene 
by cyclisation without reatrangement was onocerin. It was also the 
first of these compounds to be found in the vegetable kingdom. Its 
Structure was elucidated by Barton and Overton (46) 100 years after 
its isolation in 1855 by Hlasiwetz from the restharrow. 

Onocerin (X-onoceradienediol) contains two secondary hydroxy] 
groups and two double bonds both of which are present as exo 
methylene groups. The environment of the hydroxy] groups was 
suggested to be in the normal 3 B position because with phosphorus 
pentachloride the normal retropinacolic change—dehydration and 
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ring contraction—takes place, ozonolysis then giving the amount 
of acetone that would suggest two isopropylidene groups. The en- 
vironment of the hydroxyl groups was also suggested by the bromi- 
nation of the related ketone as shown. These results, together with 
the isolation of three and not four saturated -onoceranediols, sug- 
gested the structure (CXLV) which was subsequently elegantly 
confirmed in every detail. 

One remarkable feature of the structure (CXLV) is its symmetry 
about the X---~-X axis. This symmetry was shown to exist by the 
series of reactions opposite. The equivalence of the two hydroxyl 
groups constitutes a unique feature of the structural determination. 

Further evidence as to the carbon skeleton was obtained by de- 
hydrogenation. Selenium dehydrogenation of onocerin itself gave 
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(CXLVI) in which, as has been noted before, the elimination of the 
hydroxyl group next to a geminal dimethyl group points to the mi- 
gration of one of these methyl groups. Selenium dehydrogenation 
of the hydrocarbon G-onoceradiene, obtained by oxidation of ono- 
cerin to the diketone and Wolff-Kishner reduction, gave (CXLVII) 
in 68% yield based on two molecules of (CXLVII) from one of the 
hydrocarbon. Finally, the exo methylene groups were removed by 
ozonolysis, and the oxygen functions removed by reduction. De- 
hydrogenation of this hydrocarbon gave (CXLVIII), proving thereby 
that the exo methylene group was attached at 828 

By acid treatment of onocerin an isomeric series of compounds 
based on f-onocerin (B-onoceradienediol) (CXLIX) is obtained. 
By an elegant degradation of this, Jeger and his co-workers (47) 
have obtained the dicarboxylic acid (CL) also obtained from de- 
hydroabietic acid (CLI). Since the absolute configuration of abietic 
acid, and therefore of (CL), is known, that of onocerin follows. 
Under more vigorous conditions both & and 8 derivatives are 
converted into a third series. These y derivatives contain but one 
double bond and are therefore pentacyclic. Oxidation of y-onocerin 
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diacetate (CLII) with chromic acid gave the unsaturated ketone 
(CLIII). Treatment of the same diacetate with hydrogen peroxide in 
acetic acid and chloroform gave, presumably by rearrangement of an 
intermediate epoxide, the ketone (CLIV). This was brominated to 
(CLV), and on dehydrobromination (CLVI), identical with (CLIT), 
was obtained. This again proved the symmetry of the molecule and 
established the location of the single ethylenic linkage. This was 
also proven by reduction of (CLIII) with lithium aluminium hydride 
and dehydration with reacetylation to give the homoannular diene 
CCOVID (Alene lem): 

The structure of onocerin is interesting both chemically and bio- 
genetically. So far, cyclisations in the laboratory have not suc- 
ceeded in reproducing the biogenetic process, but it is noteworthy 
that the cyclisation of squalene has been attempted (48) and the 
product shown to contain two double bonds. Its structure has not, 
however, been established. 
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CHAPTER 3 





THE. TRITERPENOIDS: II 





THE B-AMYRIN GROUP 


Elemi resin, when dissolved in alcohol, crystallises and gives a 
mixture of monohydric alcohols. This mixture was isolated as early 
as 1835, but serious investigation of the constituents did not begin 
until Vesterberg, in 1887, showed that the constituents could be 
separated after acetylation. He obtained two isomeric acetates, 
named - and f-amyrin acetate, from which the related alcohols 
could be derived; these analysed for C,,H;,O. 

The two amyrins are very widely distributed in the vegetable 
kingdom, both in the free state and as esters, together and sepa- 
rately. Amongst the sources of B-amyrin are holly bird-lime, shea 
nut fat, balata gum, gutta-percha, rice embryo, and the seeds and 
resins of grapes (Vitaceae) and alfalfa. Amongst the naturally oc- 
curring esters are the cinnamate, palmitate, and stearate; the myristate 
is present in the Javanese cocoa plant, whilst derivatives have also 
been found in tea leaves and camomile. 

Early work did not reveal the presence of a double bond in /- 
amyrin. ‘%3romination of the acetate, for instance, gave a substitu- 
tion product rather than an addition compound (58), and it was there- 
fore believed, to begin with, that B-amyrin was hexacyclic. Support 
for this seemed to come from attempted hydrogenation experiments, 
because at 280° ander a Pressure of 80 atmospheres of hydrogen in 
the presence of platinum the alcohol was recovered unchanged. 

From a study of the molecular refraction of the hydrocarbon ob- 
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tained by the dehydration of B-amyrin it was finally concluded that 
an unreactive double bond must be present, and this was confirmed 
by perbenzoic acid titrations. Furthermore, all B-amyrin derivatives 
gave yellow colours with tetranitromethane—a further indication of 
the presence of a double bond. The presence and location of the 
double bond was finally and rigidly established by the relationship 
demonstrated between (3-amyrin and the related carboxylic acid de- 
rivative, oleanolic acid. 

The skeleton assigned to the amyrins and their derivatives was, 
to a high degree, the outcome of dehydrogenation experiments. 
Amongst the products obtained were the compounds (I) —> (VIII). 
Of these, sapotalene (III) has been isolated from a large number of 
similar triterpenoids. The formation of (IV) was believed to be due 
to the migration of a methyl group by a Wagner-Meerwein shift from 
a geminal position adjacent to the hydroxyl group. In confirmation 
of this B-amyrin was converted to the ketone and thence by Wolff- 
Kishner reduction to the hydrocarbon. Dehydrogenation of this gave 
no (IV), but another hydrocarbon (VIII) was isolated instead, The 
origin of these hydrocarbons in the presently accepted formula for 
B-amyrin (IX), that proposed originally by Haworth (1), is shown 
opposite, 

These dehydrogenations also provided evidence for the position 
of the hydroxyl group. Evidence for this placing was also obtained 
by an oxidative degradation of another member of the {-amyrin 
series, hederagenin (X). The relation of this substance to B-amyrin 
was known, and during the degradation to be described the double 
bond and the carboxyl group were protected by lactone formation 
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(XI). In the (3-amyrin series where a carboxyl group is present at 
C,;, such lactonisation may be facile; it is catalysed by acid. 

This complex series of degradative steps (2) and the properties 
and degree of substitution of the acids formed lead to the conclu- 
sion that the hydroxyl group is at C,, and that there is a methyl 
group at Cy, but not at Cs. In addition the terminal rings in f- 
amyrin, oleanolic acid, and related compounds, undergo with phos- 
phorus pentachloride the ring contraction common to all such com- 
pounds having the appropriate stereochemistry (see page 78). 

Another group of chemical reactions is centred on the only other 
chemically accessible part of the molecule, the double bond. When 
f-amyrin acetate is oxidised with potassium persulphate or with 
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hydrogen peroxide in acetic acid, a ketone is obtained, [-amyranonyl 
acetate (XII).* 

The ketone is also obtained by the action of perbenzoic and 
monoperphthalic acids, possibly through an intermediate oxide. The 
ketone could be reduced by the Wolff-Kishner method to the satu- 
rated alcohol (-amyranol (XIII). When (XII) was treated with fuming 
nitric acid at 0° and then at 50° a dicarboxylic acid was obtained 
(XIV). On heating, the anhydride of this gave a ketone (XV). Now, 
whereas the carbonyl group of (XII) showed a band in the infra-red 
at 1700 cm™, that of (XV) had a band at 1735 cm’, which meant 
that they were in six- and five-membered rings respectively. The 
double bond itself was, therefore, in a six-membered ring. Further, 
since the formation of (XIV) did not involve the loss of any carbon 
atoms the double bond must be flanked by a methylene group (3). 
This was confirmed by chromic acid oxidation of f-amyrin acetate 
when allylic oxidation takes place to give (3-amyrenonyl acetate 
(XVID) (A,a,, 249 mu). Hydrogenation of (XVII) gives, by hydro- 
genolysis, perhaps, of an intermediate allylic alcohol, B-amyrin 
acetate. These reactions may be summarised in the partial formula 
(XVIII). There were, however, reasons for expanding this formula. 
Reduction of (XVII) with sodium and ethanol gave an adduct, pos- 
sibly (XVI), in which one molecule of ethyl alcohol was incorpo- 
rated. A similar adduct was obtained if amyl alcohol was used, 
and both of these when heated with sodium acetate and acetic an- 
hydride lost the alcohol to give the diene (XIX) (Anax. 281 mp). 
This diene must, from its ultra-violet spectrum, contain both double 
bonds in one ring, and so the deducible partial formula may be ex- 
panded to (XX). The same diene (XIX) is produced from the lithium 
aluminum hydride reduction of (XVII) followed by dehydration with 
acetic anhydride and a trace of acid. In this reaction the above 
diene is accompanied by an isomeric heteroannular diene. By the 
action of bromine in glacial acetic-acid on the benzoate correspond- 
ing to (XVII), by a process of bromination and dehydrobromination, 
an additional double bond is introduced at the 18:19 position to 


- : 

A systematic system of nomenclature based on the saturated hydro- 
carbon derived from 8-amyrin is also used. This skeleton is termed ole- 
anane, and on this system the ketone is 3-acetoxy-12-oxo-oleanane. 
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give (XXI). Further information regarding the environment of the 
double bond derives from the reactions summarised opposite. The 
acetate (XXIII) is that of olean-13:18-ene; it is also known as 6 
amyrin acetate. The 13:18 position is that most stable for the 
double bond, but when substances in which the double bond is in 
another position (e.g., 12:13) are isomerised the product obtained 
always contains equilibrium proportions of other isomers as well as 
the 13:18 (4). Whilst these experiments, together with the dehydro- 
genation evidence, made the above structure (IX) for {-amyrin prob- 
able, evidence had still to be presented for the location of the double 
bond. This was obtained by the study of a related member of the 


3. THE TRITERPENOIDS: II Ey) 





SeO2 a 
A 
aes AcO BzO CXx 1) 
Cx) 
i Ho H® 
H2Oa ° 
Hoféc 
Aco Aco 
Cxxiil) 


138 MAYO: THE HIGHER TERPENOIDS 


rrr EEE 


{-amytin group—oleanolic acid (XXIV) (5a). The conversion of the 
carboxyl group in this substance by standard methods into methyl 
gives /3-amyrin. A common pathway lies through the acid chloride 
and Rosenmund reduction, followed by Wolff-Kishner reduction. 
Oxidation of the derived ketone (5G) of oleanolic acid, followed by 
methylation and partial hydrolysis, gives the methyl ester of iso- 
oleanonic acid lactone dicarboxylic acid (XXV). Pyrolysis of this 
gives products representing rings A and B and rings D and E. 

These reactions show clearly that the double bond in oleanolic 
acid, and therefore in B-amyrin, is in the centre ring. Pyrolysis of 
the dimethyl ester of (XXV) and separation taking advantage of the 
carbonyl group gave the substance (XXVI). Removal of the carbonyl 
gtoup then gave (XXVII), a substance also obtained (page 74) by 
the degradation of ambrein. The relationship of the latter to manool 
and to dehydroabietic acid establishes rigidly the structure of rings 
A and 3 in oleanolic acid. 

The non-ketonic fraction produced in the above pyrolysis, a mix- 
ture of esters, was hydrolysed to the acids. These on selenium de- 
hydrogenation gave 2: 7-dimethylnaphthalene and (XXVIII); the 
structure of the latter was proven by synthesis. Palladised char- 
‘coal dehydrogenation of the ester mixture gave, after hydrolysis, 
(XXIX). The structure of this, while not confirmed by synthesis, 
received support from its ultra-violet spectrum which was very 
similar to that of 2:3: 6-trimethylbenzoic acid (5b). 

This additional evidence is adequate to establish the structure of 
B-amyrin, but much confirmation has been obtained in various ways. 
The relative positions of the ethylenic linkage and the carboxyl 
gtoup in oleanolic acid were suggested by the following evidence. 
In the presence of acids such as hydrogen chloride oleanolic acid 
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is converted into a lactone (XXX) the infra-red spectrum of which 
indicates it to be a y-lactone. With bromine a bromolactone is ob- 
tained (XXXI), presumably as shown in the part formula (XXXII). 
This, too, is a y-lactone and may be reduced (XXXIII) back to the 
original acid. This is strong evidence for the placing of the car- 
boxyl group on the /3-carbon atom with respect to the more substi- 
tuted end of the double bond to allow Markownikoff protonation (or 
bromination) prior to cyclisation. By the action of acid oleanolic 
acid derivatives may be isomerised at the 18 position to give 18- 
iso products in which the ring junction between D and E is changed 
from cis to trans. 

By the oxidation of (-amyrin acetate, d-amyrin acetate, and a 
number of other derivatives with selenium dioxide a diene-dione 
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(XXXIV) is obtained (6). This gives with hydrazine the pyridazine 
(XXXV) and, on reduction with zinc dust in ethanol, gives (XXXVI) 
which has the absorption of an unsaturated ketone [Anes 246 my). 
This is strong evidence for the constitution of (XXXIV) which is 
supported by that provided by other transformations. The equiva- 
lent conversion to (XXXVII) takes place in the oleanolic acid se- 
ties, and the constitution of (XXXVII) is supported by much the 
same evidence. In addition (XKXXVII) has been related to a tri- 
terpenoid of known constitution, siaresinolic acid (XXXVIII), by 
the scheme shown (7). The acid (Axe corresponding to (XXXVII) 
loses carbon dioxide on heating (5c) by virtue of its nature as a 
(3: y-unsaturated acid. The product (XL) also gave a pyridazine 
(XLI) by reaction with hydrazine. Oxidation of (XXXVII) with 
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chromic acid gave an oxide (XLII) formulated in this way because 
vigorous alkaline hydrolysis gave, probably through the mechanism 
shown, a nor acid (XLIII) containing a B-diketone grouping. 

Yet more evidence for the relationship of the carboxyl and double 
bond was obtained in a simple way from dehydro-oleanolic acid 
(XLIX, R = H) (Ata 250 mu). Pyrolysis of this results in decar- 
boxylation and movement out of conjugation of one of the double 
bonds to give (XLV). This reaction proceeds through a cyclic 
transition state (XLIV) (8). The carboxyl must be, therefore, at- 
tached to a carbon atom & to one end of the heteroannular system. 

This evidence, taken altogether, establishes beyond doubt the 
gross structure of (-amyrin, oleanolic acid, and related compounds. 
There is a wealth of other work to support this. 

The following discussion, which relates to the stereochemistry of 
(-amyrin and of oleanolic acid, is not intended as a rigid proof, 
but rather as an indication of the methods by which such complex 
problems are solved. In this particular case the complete structure 
was also, later, determined by X-ray analysis. 

The production of the bicyclic carboxylic acid ester (XXVII) from 
the pyrolysis of an oleanolic acid derivative and its correlation 
with ambrein, inanool, and abietic acid establishes that rings A and 
B are trans-fused. The retropinacolic change, by the action of 
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phosphorus pentachloride on the alcohol, further confirms the part 
structure (XLVI). 

The carboxyl group at C,, must be axial for lactone formation, but 
this does not differentiate between cis- and trans-fused D/E junc- 
tions. Methyl 11-keto-oleanolate acetate (XLVII) can, by treatment 
with alkali, be converted to an isomer (XLVIII) having the same 
chromophore in the ultra-violet. This isomer must differ from (XLVII) 
at Cy and/or C,,. Hydrogenation removes the keto group giving an 
isomer of methyl oleanolate acetate. Since selenium dioxide on this 
isomer gave methyl dehydro-oleanolate acetate (XLIX; R = Me ace- 
tate instead of alcohol), the centre at which isomerisation took 
place was removed in the formation of the 13:18 double bond. 
(XLVIII) therefore differs from (XLVII) only in the configuration of 
C,,. This requires that the D/E junction be in the unstable cis 
fusion. 

The same conclusion may be reached as follows. The hydroxyl 
group in siaresinolic acid, because of its resistance to esterifica- 
tion and its ease of elimination towards C,,, as in (L) to (LI), must 
be axial. Further, the hydrogen at C,, must be trans to it, for the 
easy four-centre planar transition state. ut if the carboxyl at C,, 
and the hydroxyl at C,, are both axial yet do not lactonise they 
should be on opposite sides of the molecule as represented in (L). 
The hydrogen at Cy, is therefore on the same side of the molecule 
as the C,, carboxyl. Oxidation of methyl dihydrosiaresinolate ace- 
tate to the ketone (LII) followed by treatment with base again leads 
to epimerisation at C,, and the formation of (LIII). This evidence 
confirms previous conclusions. 

The relationship of the centres C,, and C,, to the adjoining cen- 
tres was established by the study of another triterpenoid acid, 
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morolic acid (LIV). This substance differs from the B-amyrin series 
in possessing a double bond at the 18:19 position rather than at 
the 12:13 (8). The proof of its constitution is not of immediate 
concern, but after its deduction the proposed structure was partially 
synthesised from siaresinolic acid. The immediately relevant fea- 
ture of its chemistry is its conversion through the diol diacetate 
(LV) to the oxide (LVI) and to norolean-16: 18-dienyl acetate (LVII) 
by the mechanism shown. In this sequence of reactions it should 
be noted that the configuration at C,, is unaffected, and so must be 
as in morolic acid itself. Now the compound (LVII) may also be 
derived from siaresinolic acid as shown. In the decarboxylative 
step from (LVIII) to (LIX) through the cyclic transition state (XLIV) 
it follows that the hydrogen deposited at C,,, with concomitant mi- 
gtation of the double bond, must be on the same side of the mole- 
cule as the carboxyl group and axial in conformation. The con- 
figuration of the hydrogen atom at C,,; in morolic acid is thus the 
same as that of the carboxyl group. Since the configuration of the 
carboxyl group in morolic acid is the same as that in siaresinolic 
acid, that is B, it follows that the hydrogen at C,, in the former is 
likewise 8. The configuration at C,, in morolic acid being known, 
it is now required to know whether it is in the stable or unstable 
configuration. Its partial synthesis (10) from siaresinolic acid is 
shown opposite. Since this involves the treatment of the ketone (LX) 
with strong base during the Wolff-Kishner, it follows that it is the 
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stable configuration. It is now possible to deduce the configuration 
1S oe 

From a consideration of non-bonded interactions, as applied to 
perhydrophenanthrenes, and as a result of direct experimentation, 
certain conclusions have been reached regarding stabilities (9). 
Relevant amongst these is the study of the compounds represented 
by (LXII), (LXIV), (LXIII), and (LXV). Here (LXII) is more stable 
than (LXIII), and (LXIV) more stable than (LXV). Now since in 
rings C, D, and E of (LXI) the configuration at C,, is stable and 
syn to that at C,,, a choice, necessarily between (LXIII) and (LXIV), 
must be for (LXIV); C,, is therefore 4. This centre has the same 
configuration in all this series of compounds, and so the stereo- 
chemistry so far deduced with regard to rings C, D, and E in olean- 
olic acid is represented in the formulation (LXVI). It should be 
noted that the stability argument has been assumed to be extend- 
able to cases in which the bridgehead hydrogen has been replaced 
by a methyl group. It was shown (page 146) that methyl 11-keto- 
oleanolate acetate (XLVII) with base epimerised at C,, only and 
not at C,, From this it must be concluded that rings B and C are 
fused in a stable configuration. In (LXI), then, ring C is fused both 
to ring B and ring D by a stable junction. Hence, from the work 
on perhydrophenanthrenes already referred to it may be concluded 
that ring C is in a chair conformation. By the steps outlined below, 
in which C,, remains in the stable fusion, (LXVII) has been con- 
verted into (LXVIII). This substance is considered to have an 
axial hydroxyl group for three reasons. Firstly, because it re- 
sists acylation; secondly, because of its ease of elimination to 
give (LXIX); and thirdly because lithium aluminium hydride reduc- 
tions of hindered ketones are known to give axial alcohols. The 
hindered nature of the ketone at C,, is shown by its non-elimination 
under Wolff-Kishner conditions. If the hydroxyl in (LXVIII) is axial 
then, since ring C is a chair, it must be on the same side as the 
axial hydrogen at C,,—that is, A. Furthermore, because of facile 
trans elimination to give (LXIX) the hydrogen at C, must be & and 
axial. This suggests the expression (LXX) as the stereochemistry 
so far deduced for oleananolic acid (59). Viewed in another way, if 
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both C, and C,, are to have the more stable configuration analogy 
with the known stabilities of perhydrophenanthrenes with a trans 
fusion suggests that C, may be & or f, but that C, must be 4—that 
is, trans-anti-trans or cis-syn-trans. (ILXX) is an expression of both 
theses. 

Since the A/B ring fusion is known to be trans, these rings may 
be attached to the remainder of the molecule in four ways (LXXIa-d) 
in which C, is &. Of these, (c) represents an unstable fusion be- 
cause it requires a boat ring B; (b) can be constructed with all- 
chair rings, but then C,() is equatorial; only (a) and (d) remain. 
These may be represented in the full stereoformulae (LXXII A and 
B). Decision between these two was chemically not possible, but 
molecular rotation arguments supported (LXXIIA), and showed the 
absolute configuration to be the same as in the steroids (11). The 
relative stereochemistry has since been shown by X-ray studies 
(12) of methyl oleanolate iodoacetate, and the absolute configura- 
tion by direct correlation. This leads to (LXXIII) as the repre- 
sentation of B-amyrin. 

Compounds of the §-amyrin-oleanolic acid series appear to be 
the most widespread of the pentacyclic triterpenoids. Apart from 
those already mentioned a large number are known which have 
functional groups elsewhere, or in addition to those present in the 
parent system. An oxygen function at C,, however, appears to be 
ubiquitous. This is not always present as a hydroxyl group, and 
in the compound icterogenin (LXXIV) (23) it is replaced by a ke- 
tonic function, This leads to the interesting dealdolisation to give 
(LXXV), which takes place when icterogenin is treated with alkali 
under mild conditions. This particular reaction may conceivably be 
associated with its reported physiological activity in sheep. By 
disturbing the digestive process, icterogenin is said to induce the 
passage of phylloerythrin (from chlorophyll) into the blood system 
and so to cause light sensitivity. 

It is impossible here to describe the extensive work which has 
gone into the elucidation of the many members of the B-amyrin group. 
Table 2 lists a number of these compounds together with their 
functional groups and sources. 


eee 


3. THE TRITERPENOIDS: II 153 





ococme =CHmMe 
coon e 


Cx 
— > -_ 


Mo ras 
© Sok, 


Cu xx) 
Ho CH, CLxx1v) 





154 MAYO: THE HIGHER TERPENOIDS 





TABLE 2 


Naturally Occurring Compounds of the B-Amyrin Series 





Compound Source Functional Group Ref. 
Arjunolic acid Terminalia arjuna (LXXVI) 13 
Barringtogenol Barringtonia racemosa  (LXXVII) 14 
a-Boswellic acid Olibanum 3 (epi) OH; 4-COOH 15 
Echinocystic acid Echinocystis fabacea 16a-OH; 17-COOH 16 
Erythrodiol Fruit of Erythroxylon 28-OH 17 

novogranatense 
Genin A Roots of Primula 16-OH; 28-OH 18 
officinalis 
Germanicol Latex of Lactuca virosa (LXXX) 19 
Glycyrrhetic acid Liquorice root (LXXVIII) 20 
Gypsogenin Fuller’s herb 4-CHO; 17-COOH 21 
Hederagenin Ivy; soap nuts (X) 22 
Icterogenin Lippia rehmanni (LXXIV) 23 
Lantadene B Lantana camera (LXXXI) 24 
Maniladiol Manila elemi resin 16-epi-OH oa 
Morolic acid Mora excelsa Benth. (LIV) 8 
Oleanolic acid Sugar beet, clove buds (XXIV) 
Quillaic acid Quillaia bark 16-OH; 4-CHO; 17-COOH 26 
Rehmannic acid Lippia rehmanni As (LXXXI), but with 27 
(Lantadene A) Lantana camera angelic acid 
Siaresinolic acid Siam Gum Benzoin (XXX VIII) 
Sumaresinolic 
acid Sumatra Gum Benzoin 6-OH; 17-COOH 28 
Terminolic acid Terminalia ivorensis (LX XIX) 29 


In addition, separate mention must be made of the extensive in- 
vestigation of cacti carried out by Djerassi and his co-workers. 
These authors have succeeded in isolating, characterising, and 
elucidating the structures and stereochemistry of a large number of 
triterpenoids from these sources. Those belonging to this series 
are described in Table 3, : 
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TABLE 3 


Cactus Triterpenoids of the 8-Amyrin Group (30) 





Compound Source Functional Group 
Cochalic acid Myrtillocactus cochal 16 B-OH; 17-COOH 
Dumortierigenin Lemaireocereus dumortieri (LXXXIa) 

Gummoso genin Machaerocereus gummosus 16(5-OH; 17-CHO 
Longispinogenin Lemaireocereus longispinus 16 B-OH; 28-OH 
Machaeric acid Machaerocereus gummosus 21-Oxo; 17-COOH 
Machaerinic acid Machaerocereus gummosus 21-OH; 17-COOH 
Queretaroic acid Lemaireocereus queretaroensis 30-OH; 17-COOH 


In addition to the substances listed in Tables 2 and 3 there are a 
number of substances of modified structure related to {B-amyrin, 
Some are discussed in the following chapter. 

Much of the so far described triterpenoid chemistry might be said 
to be unexceptional as far as mechanism is concerned. The tri- 
terpenoids are, none the less, capable of complex transformations 
comparable to those of the more interesting sesquiterpenoids. Avail- 
able space permits only a single illustration. 

A frequently encountered oxidation product of B-amyrin was a 
substance C,,H,,O, generally referred to as the ““O,-acetate.’’ Some 
of its various geneses are shown Opposite. 

The O,-acetate gives a faint yellow colour with tetranitromethane, 
no colouration with ferric chloride, and contains no active hy- 
drogen. It has Amax, 230 mu. Recent investigations by McKean 
and Spring (31) have established its structure as (LXXXII), largely 
on the basis of the transformations illustrated. It has been pro- 


posed that the genesis of this remarkable compound proceeds through 
the triketone (LX XXIII) (32). 


THE o-AMYRIN GROUP 


&-Amyrin forms the main triterpenoid component of the latex from 
the milk tree (Brosium galactodendron), There are numerous other 
sources of which the most useful is Manila elemi resin. Here it 
occurs together with B-amyrin from which it can best be separated 
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by crystallisation of the benzoates. M-Amyrin is contained in the 
beverage known as mate. 

The chemistry of -amyrin has not yet reached its final stage, 
though active work in the field makes it likely that it will soon do 
so. It has a considerable general resemblance to B-amyrin in its 
properties, and the similarity is reflected in the dehydrogenation 
products. In the early stages their properties appeared so similar 
that - and B-amyrin were thought to be stereoisomers. 

Evidence that this was not so was obtained by the series of re- 
actions shown opposite. 

a&-Amyrin (LXXXIV) is converted to the ketone (LXXXV) by the 
action of ozone followed by acid or by the action of perhydrol and 
acetic acid. The double bond is more resistant than that in B- 
amyrin for Q-amyrin is unaffected by perbenzoic acid. The products 
of pyrolysis of the ester (LXXXVII) (33) were separated taking 
advantage of the carbonyl function and using the Girard reagent. 
The ester (XXVII) was identical with that obtained by the degrada- 
of oleanolic acid. Rings A and B of -amyrin were therefore as in 
B-amyrin. The final product obtained from the non-ketonic portion 
was sapotalene (LXXXVI). Since the equivalent product obtained 
from /3-amyrin had been 2: 7-dimethylnaphthalene this suggested a 
different disposition of the methyl groups in ring E. 

It must be mentioned here that an alternative structure (LXXXVIII) 
has been proposed (34) for Q-amyrin. With this structure it is 
necessary to assume that expansion of ring E takes place during 
dehydrogenation. While this in itself is feasible, a model sub- 
stance (35) is available in novic acid identical in rings D and E 
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with Q-amyrin (LXXXIX)., The derivative (XC) of this on pyrolysis 
and dehydrogenation gives (XCI) without ring expansion. It is 
believed that further evidence to be described, particularly the 
reversed Diels-Alder of a derivative (page 164), renders (LXXX VIII), 
(LXXXIXb), and (XCb) improbable. 

In the degradation of %-amyrin described it will be noted, bearing 
in mind dehydrogenation evidence, that 29 of the carbon atoms out 
of the original 30 are accounted for in the products. The atom lost 
is that attached to C,, The position of this and also further proof 
of the nature of ring E are provided by the sequence of reactions to 
be described. 

By the bromination-dehydrobromination of the 12-ketone derived 
from -amyrin, iso-Q-amyrenonyl acetate may be obtained (XCII). 
Oxidation of this with selenium dioxide under vigorous conditions 
gives iso-(-amyradienonyl acetate (XCIII), a derivative of iso- 
ursane (XCIV),* 

In the formation of (XCIII) a methyl migration takes place (36). 
This may be initiated by oxidation at C,, followed by dehydration 
and a 1:2 Wagner shift with the ultimate loss of a proton. This 
process would involve, perhaps, a partial positive charge next to a 
carbonyl group: (XCII) —> (5 Clla) => (XClc). By virtue of the 
isolated double bond (XCIII) gives a strong tetranitromethane 
colour not given by (XCII). fB-Amyrin also gives a similar series 
of compounds. Now (XCIII) with osmium tetroxide, followed by 


. ee 
The saturated hydrocarbon based on G-amyrin is known as ursane (cf 
oleanane in the 6-amyrin series), 
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cleavage with lead tetraacetate (37), gave (XCV) (Nic ke tae mt). 
This could be oxidised (KMnO,) to the corresponding acid (XCVI). 
Pyrolysis of this acid in vacuo at 290° gave a mixture of products. 
The higher boiling fraction was partly soluble in alkali and this 
acidic fraction was methylated with diazomethane to give two 
isomeric methyl ethers (XCVII) eee 246 mp) and (XCVIII) Ces 
331 my). Later the acetate (XCIX) of the parent B-diketone was 
isolated (A, 318 mp) and its structure proven by degradation to 
(C). The methyl ethers were also obtained in a parallel degradation 
of B-amyrin, and so prove the identity of configuration at OND Orr 
C,, and C,, in the two series. 

From the lower boiling fraction of the pyrolytic cleavage of 
(XCVI) an acid was obtained. It was a monounsaturated acid with 
an isolated double bond and an unhindered carboxyl group. The 
formulation (CI) was proposed and, as might be expected from such 
a structure, the acid gave on oxidation with chromic acid B-methyl- 
tricarballylic acid (CII). Although this oxidation fragment does not 
distinguish between the ring E proposed and the less probable 
alternative (LXXXVIII), it provides evidence for the location of the 
missing carbon atom at C,,. Ozonolysis (37) of (CI) gave a keto- 
dicarboxylic acid (CIII) in which the presence of an acetyl group 
was shown by reaction with hypoiodite supporting (LXXXIV), 

The above degradation, though leading to valid conclusions, is 
long and complex. Recently, in a transformation of the greatest 
elegance, the Swiss workers have established directly the nature of 
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ring E together with the stereochemistry at C,,. Pyrolysis of (XCIII) 
at 320° for a short time resulted in what is probably a reversed 
Diels-Alder reaction and the separation of ring E. The other frac- 
tion (CIVa) was not characterised. This hydrocarbon fragment was 
epoxidised with monoperphthalic acid and rearranged with boron 
trifluoride-ether complex to the ketone (CIV). The isolation of the 
same ketone from D(+)-pulegone (CV) establishes the structure of 
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(CVI) and, bearing in mind the known absolute configuration of the 
Q-amyrin molecule, also establishes the configuration of the methyl 
group at C,, as Q. 

This work may be summarised in the stereochemistry implied by 
(CVI). A major advance is represented by the reactions to be de- 
scribed which were performed by Spring and his collaborators (34). 
Vigorous treatment of (Q-amyrin acetate with selenium dioxide 
gave, in poor yield, (CVII). By hydrogenation (CVIII) was obtained 
which was isomerised to (-amyrin acetate with acid. The recovery 
of -amyrin acetate does not necessarily prove that the configura- 
tion at Cy, is the stable one. Since the conversion of O-amyrin 
acetate into (CVIII) must be very slow, kinetic control in the pro- 
tonation of (CVIII) may lead to the unstable isomer (60). Finally, 
with hydrochloric-acetic acid the substance (CVII) is converted 
into the corresponding /-amyrin derivative (CIX). This complex 
change is represented here in the simplest carbonium ion terms. 
Since this transformation does not involve C,, C,,, or C,, the ex- 
pression (CVI) may be expanded, in the knowledge of the stereo- 
chemistry of B-amyrin, to (CX) As regards the configuration at 
C,, the following argument has been advanced. Both A-amyrin 
ana B-amyrin, but not 18-iso-(i.e., 18%-)-amyrin, undergo rear- 
rangement to the corresponding isodienonyl structure with selenium 
dioxide; the hydrogen at Cy, in O-amyrin may thus be as in f-amyrin 
(ie., (3) (38). Evidence that the configuration at C,, and C,, is 
similar in the ursane and oleanane series has also been provided 
from a comparison (39) of the optical rotations and of stabilities of 
the lactones of oleanolic and ursolic acid (the 17-carboxyl deriva- 
tive of X-amyrin). If correct, this permits of the use of the cipher 
(CXI) as representative of QA-amyrin. The final arguments cannot 
be regarded by any means as rigid, and further confirmation is 
necessary. In (CXI) the methyl group at C,, has been placed in the 
equatorial conformation for maximum hindrance of the double bond. 
The reason for the stability of the cis junction, if Correct, is not 
yet clear, but may be due to the stabilising effect of the two equa- 
torial methyl substituents. These would become axial if there were 
epimerisation at C,,. 
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Q-Amyrin does not appear to have such a wide variety of naturally 
occurring derivatives as does fi-amyrin. Some of the better known 


are given in Table 4. 


TABLE 4 


Naturally Occurring o-Amyrin Derivatives 











Compound Source Functional Group Ref. 
Asiatic acid Hydrocotyle asiatica (CXII) (40) 
Brein Manila elemi resin 3 B-OH 21(22?)}OH (41) 
8-Boswellic acid Olibanum 3 o-OH 4-COOH (62) 
Phylanthol Phyllanthus engleri Pax. (CXIII) (42) 
Quinovic acid Cinchona bark (CXIV) (61) 
Ursolic acid Widely distributed in the 17-COOH (43) 

wax coating of leaves 
and fruits 
Uvaol Crataegus cuneata 28-OH (44) 


The saturated alcohol phyllanthol (CXIII) is unusual amongst the 
amyrin compounds in containing a cyclopropane ring. The presence 
of this feature was shown, simply, by treatment of the acetate with 
hydrogen chloride-chloroform to give QA-amyrin acetate (48), 

A number of possible structures could then be written for phyl- 
lanthol. Some of these were eliminated in the following way. Using 
deuterium chloride a deuterated Q-amyrin was obtained in which the 
deuterium atom marked one position of the cyclopropane ring ter- 
minus. If (CXV) had been correct then the product would have been 
(CXVI). Oxidation to the unsaturated ketone, however, gave a 
product in which the deuterium was retained. Another possibility 
was (CXVII) when the deuterated Q-amyrin would be (CXVIII). Con- 
version to the homoannular diene (CXIX) gave a product in which 
the deuterium was still retained. 

The number of remaining possibilities was considerably narrowed 
when it was suggested by Cole (49) that, on the basis of a band at 
3042-3052 cm™ in the infra-red, the cyclopropane ring of phyllanthol 
contained a methylene group. The final structure (CXIII) was es- 
tablished (50) when it was shown by quantitative measurements in 
the 1380 cm™ region of the infra-red that the deutero-X-amyrin con- 
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tained one less methyl group (present, therefore, as —-CH,D) than 
undeuterated O-amyrin. It will be noted that Markownikoff attack 
and axial cleavage of the cyclopropane occurs in the conversion to 
X-amyrin. The partial synthesis of phyllanthol from an G-amyrin 
derivative has recently been accomplished (51). This synthesis 
starts from the selenium dioxide product iso-X4-amyradienonyl ace- 
tate (XCIII), With hydrogen chloride this undergoes a remarkable 
cyclisation to give (CXX); this is then converted, by standard re- 
actions to phyllanthol acetate. 

Phyllanthol has also been prepared from quinovic acid (CXIV). 
Reduction of the diacid chloride benzoate with lithium aluminium 
hydride gave the triol (CXXI) Treatment of this with methane- 
sulphonyl chloride and pyridine gave the dimesylate of a phyl- 
lanthol derivative (CXXII), converted by lithium aluminium hydride 
and hydrogenation to the diol (CXXIII), Partial hydrolysis of the 
diacetate, oxidation, and Wolff-Kishner reduction then gave phyl- 
lanthol. This work (52) confirmed the previously established ES 
61) structure of quinovic acid and of uvaol. 


THE LUPEOL GROUP 


The parent compound of the third important group of triterpenoids 
is lupeol. This was first obtained in 1889 from the seeds of Lupinus 
albus. It has since been isolated from a large number of other 
sources and may be the most widely distributed of all triterpenoids. 
It is found in at least thirteen families of plants. Instances are 
mistletoe, sarsaparilla, Japanese bird-lime, shea-nut fat, and suri- 
nam sheet balata. It has the ubiquitous hydroxyl group in ring A, 
and also contains an ethylenic linkage. It differs from the amyrins 
and their derivatives in that the double bond is easily hydrogenated. 
On dehydrogenation 1:2: 5-trimethylnaphthalene, 1:5: 6-trimethy]- 
2-naphthol, and possibly 1:2: 5 : 6-tetramethylnaphthalene were ob- 
tained, products which in the amyrins were believed to be derived 
from rings A and B. Neither picene nor the naphthalenes sapotalene 
(1:2: 7-trimethylnaphthalene) and 2: 7-dimethylnaphthalene were ob- 
tained. These latter hydrocarbons were believed to be formed from 
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rings D and E of the amyrins, and their absence suggested that 
lupeol differed from the amyrins in this part of the molecule. The 
later isolation of formaldehyde as a product of ozonolysis led, 
eventually, to the proposal (CXXIV) as representing the structure 
of lupeol (45). The environment of the isopropenyl group was shown 
by oxidation of lupeol acetate with selenium dioxide to (CXXV). 
Ozonolysis of this to (CXXVI), conversion to the ester, reaction 
with phenylmagnesium bromide, and dehydration with acetic an- 
hydride gave (CXXVII). Ozonolysis then gave the ketone (CXXVIII) 
(46). 

The key experiment in the elucidation of the structure of lupeol 
was performed by Ames and Jones (47) and resulted in the rejec- 
tion of (CXXIV) as an adequate representation of lupeol. Using 
acid catalysis these authors were able to transform lupenone 
(CXXIX) into 6-amyrenone (CXXX). This was of known constitu- 
tion and derived from B-amyrin. This transformation then allowed 
of the expression (CXXXI) as indicative of the stereochemistry 
implied for lupeol from that known of f-amyrin and from the general 
mechanism of the transformation. A compound, betulin (CXXXI), 
also occurs naturally and differs from lupeol in having a primary al- 
coholic function at C,,. Its relationship to lupeol has been shown 
by conversion of the 3-monoacetate into the C,, aldehyde, and Wol ff- 
Kishner reduction to give that substance. The corresponding acid, 
betulinic acid, (CXXXIII), also occurs naturally. On treatment with 
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acid, betulonic acid (CXXXIV) was isomerised to a ketolactone 
(CXXXV). Reduction of this with lithium aluminium hydride fol- 
lowed by acetylation with boron trifluoride-acetic anhydride gave, 
with concomitant dehydration, moradiol diacetate (CXXXVI). The 
structure of this substance, derived from morolic acid (LIV), was 
firmly established. This series of reactions confirms the con- 
clusions expressed in (CXXXI) and, since the centre at C,, is not 
involved in the transformation, requires that in lupeol this should 
be as in morolic acid—that is, 8. (CXXXI) may therefore be ex- 
panded to (CXXXVII). This expansion, however, assumes that the 
lactone (CXXXV) is not formed with a morolic acid derivative as 
an intermediate. This possibility was excluded when it was shown 
that under acidic conditions morolic acid gave the 18-iso-oleanolic 
acid lactone. 

Further proof of the relationship of lupeol to B-amyrin was pro- 
vided by Halsall, Jones, and Meakins (54). When a solution of 
lupeol in ether at 0° was treated with hydrogen chloride a hydro- 
chloride was formed. Whereas silver acetate regenerated the lupeol 
Structure, acetic anhydride gave an isomeric acetate subsequently 
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identified as the acetate of germanicol (CXXXVIII). Now since the 
hydrochloride was unaffected by heating with non-ionic solvents 
such as xylene, yet in an inert ionising solvent such as benzonitrile 
was converted into germanicol, this dehydrochlorination must pro- 
ceed by a unimolecular solvolysis. The hydrochloride must there- 
fore be (CXXXIX) or (CXL). Reduction of the hydrochloride either 
catalytically or with sodium and zsopropanol gave 18-iso-(3-amyranol 
(CXLI), establishing (CXXXIX) as correct. Since this transforma- 
tion does not involve Cy, the hydrogen here, in lupeol, must be pre- 
sumed the same as in (CXLI); that is &. The configuration of the 
chloride atom in (CXXXIX) may be seen to be & from an inspection 
of the probable mechanistic path. If it were 8 (as in CXLII) then 
elimination of hydrogen chloride by an sE, mechanism (trans elim- 
ination) should lead to germanicol. Germanicol is, however, ob- 
tained only when an SE, mechanism prevails, as already mentioned. 
With silver acetate, in a reaction presumably initiated by attack of 
Ag® on the chloride atom, lupeol is re-formed, and this SN,-type 
reaction will proceed by the path indicated in (CXLIII) wherein the 
chloride atom, C,,, C,9, and C,, are coplanar. This requires the 
& configuration of the halogen. Also, the mechanism implied in 
(CXLII) requires that the configuration of the tsopropenyl group in 
lupeol be trans to the methyl group at Ci, The stereochemistry 
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finally arrived at for lupeol therefore is (CXLIV), and this has been 
confirmed in numerous ways. The production, by the degradation of 
betulin, of the anhydride (CXLV) originally thought to indicate the 
{-configuration of the tsopropenyl group should, if the deductions 
outlined are correct, involve epimerisation during cyclisation. This 
was later confirmed (55) when it was shown that the dicarboxylic 
acid first obtained (CXLVI) did not form an anhydride unless a 
strong acid, toluene-p-sulphonic acid, was used. The dicarboxylic 
acid (CXLVII) obtained by hydrolysis of this anhydride was not the 
original one. Two recently discovered cactus triterpenoids, stel- 
latogenin and thurberogenin, are betulinic acid derivatives (57). 

Taraxasterol and the related w-taraxasterol, whilst not possess- 
ing the carbon skeleton of lupeol and its congeners, are probably 
best considered in relation to this group because of their close 
chemical similarity. Taraxasterol and W-taraxasterol have both been 
isolated from the roots of the common dandelion and from an ex- 
tract of artichokes (Cynara scolymus). Taraxasterol has also been 
isolated from a number of other sources under other names, Os Gey 
&-calotropeol (from Calotropis gigantea) and giganteol. It has also 
been found in marguerite flowers, thistle flowers, and in euphorbium 
resin. 

The relationship of taraxasterol to the pentacyclic triterpenoids 
was established by the following conversions. Hydrogenation of 
taraxasterol gave a saturated dihydro derivative converted, through 
the ketone, to the hydrocarbon taraxastane. Betulin on heating with 
90% formic acid gave instead of the expected diol diformate the 
formate of an ether, hydrolysed to an isomer of betulin, a//obetulin 
(CXLVIII). The isomer was also formed by the action of other 
acidic reagents. Its structure was established by oxidation of a de- 
fivative with chromic or nitric acid to the lactone (CXXXV). By 
heating allobetulin with benzoyl chloride at 150°, Dischendorfer 
and Grillmayer obtained a dibenzoate of a diol, heterobetulin. Hy- 
drogenation of the only double bond in this and conversion by stand- 
ard methods into the hydrocarbon gave heterolupane, identical with 
taraxastane. The incorporation of w-taraxasterol into this group 
was accomplished when it was shown that it was identical with 28- 
desoxyheterobetulin (heterolupeol). The complete elucidation of 
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the structures of this interesting group of compounds is due to 
Jones, Halsall, and their colleagues (56). Taraxasterol contained 
an exocyclic methylene group. This was shown by successive oxi- 
dation with osmium tetroxide and periodic acid to a norketone, the 
latter having a band in the infra-red at 1705 cm” indicative of the 
presence of the carbonyl group in a six-membered ring. Structures 
(CXLIX) and (CL) are thus possible for taraxasterol. A distinction 
in favour of (CL) was made when it was found that both taraxastene 
and -taraxastene were oxidised to the same : /3-unsaturated alde- 
hyde (heterolupenal) (Ast 230 mu). The spectrum of this sub- 
stance precluded the possibilities of tetrasubstitution of the double 
bond, requiring therefore that it be represented by (CLI). The pos- 
sibilities (CLII) and (CLIII) are then available for y-taraxasterol. 
Decision was made here on the basis of spectra which suggested 
the presence of a triply substituted double bond as in (CLIII). This 
was confirmed chemically by oxidation to the vicinal diol (CLIV) 
oxidised to the hydroxy ketone (CLV). 

It has already been mentioned that lupenone was isomerised by 
strong acid to 6-amyrenone. Under somewhat milder conditions an 
isomer, lupenone-I, is obtained. This is further converted to 5- 
amyrenone under more vigorous conditions. Oxidation with selenium 
dioxide gave an isomer of (CLI) having essentially the same ultra- 
violet spectrum and presumably differing in the configuration at Cw 
Wolff-Kishner reduction gave, with the expected migration of the 
double bond (CL). This was then converted to the norketone, which 
differed, however, from that obtained from taraxastene derivatives. 
However, the latter on epimerisation with base gave the same nor- 
ketone as was obtained directly from lupenone-I and so confirmed 
the isomerisation at C,,. The series of reactions also establishes 
that the methyl group at C,, in taraxasterol and y-taraxasterol is in 
the unstable configuration. 

Conformational arguments applied here are complex and not com- 
pelling. More persuasive evidence was obtained from a considera- 
tion of the mechanism of formation of heterobetulin from allo- 
betulin. It seems probable that reaction is initiated by attack 
on the ethereal oxygen by Circa An SN,-type displace- 
ment at Cy, should then occur with migration of the C9 (axial) o 
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methyl group across the & face of the molecule to the C,, & (equa- 
torial) position. If correct this implies that the axial (8) methyl 
group in lupenone-I is more stable than the equatorial (&) methyl 
group in taraxasterol and W-taraxasterol. The destabilisation is due 
to interaction with the methylene group at C,,. This allocation has 
been confirmed by a study of molecular rotation. It is of interest 
that reduction of 18d-oleanan-19-one (CLVI) with sodium and amyl 
alcohol—a process which should give the thermodynamically more 
stable product—gives the 198 alcohol—that is, the axial substit- 
uent. The structures of taraxasterol, /-taraxasterol, and lupenone-I 
may thus be represented by (CLVII), (CLVIII), and (CLIX). A num- 
ber of additional facts are available concerning interconversion in 
this series. Lupeol on boiling with formic acid gives some w- 
taraxasterol. Taraxasteryl acetate may be isomerised by 6% sul- 
phuric acid in acetic acid to lupenyl-I acetate whereas 10% ethanolic 
sulphuric acid gives y-taraxasteryl acetate. The latter with sul- 
phuric acid=acetic acid is converted to the stable lupenyl-I acetate. 
These numerous interconversions are summarised in the scheme 
opposite (56). The first stage in all transformations is protonation 
of the double bond and ring enlargement to give the ion (CEX This 
ion is of particular interest and relevance in the context of the re- 
cently promulgated biogenetic theory of triterpenoids (page 230). In 
the presence of an excess of a suitable nucleophile such as chlo- 
ride ion the ring enlargement is concerted with the stereospecific 
addition of the anion to give 190-substituted 18d-oleanane deriva- 
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tives (CLXI). Under more acidic conditions and in the absence of a 
suitable nucleophile a concerted migration of the & methyl group 
with the loss of a / proton from C,, gives (CLXID), the w-taraxasterol 
system. A complex equilibrium system is set up leading to the for- 
mation of the thermodynamically more stable lupene-I system (CLXIII). 
Only tertiary carbonium ions are involved in this series of changes. 
The ion (CLXIV) is obtainable by protonation of the taraxasterol 
system (CLXV) whilst the conversion of lupenone-I derivatives into 
5-amyrene products requires the probable conversion of ion (CLXVI) 
to the ion (CLX). Since (CLXIII) is more stable than (CLXII) the 
production of (CLXII) may imply insufficient acidity of the medium 
for the protonation of (CLXII) or else insolubility in a two-phase 
system thereby displacing equilibrium. 

The ion (CLX) may lose a proton to give germanicol derivatives 
(CL XVII) which may protonate to (CLXVIII) and thence to 5-amyrene 
derivatives (CLXIX). However, no appreciable amounts of (CLXVII) 
are found, so that either the conversion of (CLXVII) to (CLXVIII) is 
very rapid or else, by hydride shift, (CLX) is converted directly to 
(CLXVIII). 

Thus the complex isomerisation and subtleties presented by the 
acid treatment of lupeol have been resolved, largely by Jones, 
Halsall, and their colleagues, and interpreted in terms of current 
carbonium ion theory. 

Although the presentation in this chapter has necessitated the 
division of the common triterpenoids into their original three classes, 
it will be observed that since conversions from the lupeol series to 
the /3-amyrin, and from the (-amyrin to the {b-amyrin have been ac- 
complished such division is without too much significance. A more 
fruitful view is that expressed more fully (page 228) later, that these 
substances are examples of the diverse cyclisation-migration proc- 
esses which include the tetracyclic triterpenoids also. In the fol- 
lowing chapter a number of triterpenoids which occur naturally will 
be discussed which may be considered as being formed in nature by 
successive rearrangements and migration from the ion (CTX), 
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CHAPTER 4 


a 


THE TRITERPENOIDS: Ii 


Apart from the main triterpenoid families already discussed there 
exist, at present, three further naturally occurring pentacyclic triter- 
penoids which, whilst not having skeletons directly based upon these, 
are nevertheless closely related. They have, in addition to their 
considerable chemical interest, a significance because of their po- 
sition in a postulated general biogenetic pattern. 


TARAXEROL 


The alcohol alnulin was first isolated from the bark of the grey 
alder in 1923. An alcohol named taraxerol was isolated from dande- 
lion root in 1938 and, later, from the bark of Litsea dealbata. These 
were shown to be identical in 1950 by Jeger and his colleagues (1). 
In 1941 Takeda isolated an alcohol, skimmiol, from certain Skimmia 
species and later suggested that it might be identical with taraxerol; 
this was confirmed by Brooks (2) in 1953. These alternative names 
have now been discarded and taraxerol, only, retained. The related 
ketone taraxerone occurs in the bark of the black alder (Alnus 
glutinosa) together with taraxerol. 

The investigation of Takeda and his collaborators may be sum- 
marised as follows (4). Taraxerol is oxidised to the ketone taraxer- 
one, which is reduced back to the original alcohol with sodium and 
tsoamyl alcohol. On selenium dehydrogenation 1:2:3: 4-tetra- 
methylbenzene, 2:7-dimethyl-, 1:2: 7-trimethyl-, and 1:2:5:6- 
tetramethylnaphthalene were isolated. 1:8-Dimethylpicene was 
also obtained, and this Suggested a general relationship to the 
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amyrins. The presence of the 1:2:5:6-tetramethylnaphthalene 
was also an indication of the normal triterpenoid rings A and 8 
(see page 130). 

Although taraxerol could not be hydrogenated easily the presence 
of a double bond was shown by conversion of the unsaturated ace- 
tate to an epoxide with perbenzoic acid. In cyclohexane-glacial 
acetic acid in the presence of platinum oxide Takeda claimed to 
have hydrogenated taraxerol to dihydrotaraxerol. The environment 
of the hydroxyl group in taraxerol was shown in part by the reac- 
tions opposite. 

Results of importance were obtained in the following way. Pyrol- 
ysis of taraxeryl benzoate at 340° gave, amongst other products, a 
small amount of a doubly unsaturated hydrocarbon. This on hydro- 
genation, with the saturation of one of the ethylenic linkages, was 
converted to d-amyrene (I) (olean-13(18)-ene). The same hydrocar- 
bon was obtained by the Clemmensen reduction of taraxerone. From 
this and other work Takeda was led to the conclusion, reasonable 
at that time, that taraxerol was olean-18-en-3/-ol (II). This pro- 
posal was invalidated later (5) when this structure was assigned to 
germanicol. 

The investigations of the Swiss workers confirmed much of the 
earlier work, but through awareness of the powerful acidic potential- 
ities of Clemmensen conditions they did not accept that an oleanane 
skeleton was necessarily implied by Takeda’s work. 

The next, and a major, advance in taraxerol chemistry, was made 
when it was discovered by Brooks (2) that oxidation of taraxeryl 
acetate with selenium dioxide gave two isolable products which he 
identified. These were oleana-11: 13(18)-dienyl acetate (III) and 
the dienedione (IV). These results establish decisively the pres- 
ence of the hydroxyl group at C, despite previous allegations that 
the corresponding carbonyl group could not be removed by normal 
Wolff-Kishner reduction (1), although this is a Property expected of 
C, ketones. Now with the clearly made proviso that no skeletal 
change had taken place during the selenium dioxide oxidation the 
Structure (V) was proposed for taraxerol after elimination of already 
assigned structures. In doing so, it was recognised that the double 
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bond was trisubstituted, as supported by the presence of a band at 
814 cm * in the infra-red. 

The assumption that no rearrangement takes place when taraxery] 
acetate is submitted to the action of selenium dioxide was soon 
questioned. The grounds for doubt, as expressed by Spring and his 
collaborators, were as follows. If (V) were indeed correct then the 
oxide derived from it must be (VI). This oxide was shown by Takeda 
to rearrange under the influence of mineral acid to an unsaturated 
alcohol. This must be represented, on the basis of (V), as (VII) 
(the derived unsaturated ketone would then be (VIII)). But (VII) is 
an allylic alcohol and as such would be unlikely to survive the 
conditions of its genesis. A further Objection raised was that the 
formation of a small amount of oleana-2:12-diene on dry distilla- 
tion of taraxeryl benzoate, as reported by Takeda, would require the 
migration of the double bond at 18:19 past the thermodynamically 
more stable 13(18) position to the less stable 12: 13 position leav- 
ing, also, the less stable configuration at C,,. 

An extension of the latter argument also applied to the Clemmen- 
sen reduction of taraxerone. After 24 hours of such treatment 
olean-13(18)-ene was isolated, but after 8 hours the Swiss workers 
(1) isolated a hydrocarbon the constants of which were recognised 
by Spring and his colleagues as resembling a mixture of olean-12- 
ene and olean-13(18)-ene. If correct, this required on the basis of 
(V) that the intermediate (13)18-unsaturated hydrocarbon be con- 
verted to olean-12-ene rapidly, and then back slowly. The correct- 
ness of the original facts was clearly demonstrated when a suspen- 
sion of taraxeryl acetate in acetic acid at 90° was treated with 
hydrochloric acid. In a very short time an excellent yield of B- 
amyrin acetate was obtained. 

These results were strongly indicative that, in the formation of 
oleanane derivatives from taraxerol, a rearrangement had taken 
place. The sole remaining possibility not involving a rearrange- 
ment was (IX). 

The likelihood of such a transformation seems small, because it 
requires non-Markownikoff addition of a proton to the double bond. 
A clear decision was possible by examination of the unsaturated 
ketone derived from the epoxide. This was found not to be a con- 
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jugated ketone thereby indicating that a rearrangement had taken 
place in the opening of the oxide. Dehydration of the related un- 
saturated alcohol with phosphorus oxychloride and pyridine gave a 
non-conjugated dienyl acetate and this on hydrogenation gave [3- 
amyrin acetate. Clearly, since rearrangement has led to the [- 
amyrin structure taraxerol cannot already possess it. Two possi- 
bilities, at least, then presented themselves, (X) and (XI). The 
conversion of (X) to S-amyrin could be viewed as protonation of the 
double bond with concerted methyl migrations from C,, and C,, as 
represented. This is strongly reminiscent of the euphenol -—» iso- 
euphenol rearrangement (6) (page 100). A similar rearrangement for 
(XI) is also possible. The formulation (XI) was preferred because of 
certain analogies with previous work in the f-amyrin series (7). 
Thus, as previously mentioned, both the amyrins may be converted 
into substances having the partial structure (XII). Oxidation with 
selenium dioxide then gives (XIII). By Wolff-Kishner reduction of 
(XIII) in the B-amyrin series two unconjugated dienes (XIV) and 
(XV) were obtained. On treatment with mineral acid (XIV) is con- 
verted to the homoannular diene (XVI). Under similar conditions 
(XV) is converted into (XVII). Under very vigorous and prolonged 
acid treatment (XVI) may be converted to (XVII). These rearrange- 
ments, with attendant methyl migrations, bore a remarkable resem- 
blance to the conversion of taraxerol to B-amyrin. An even more 
striking parallel was the oxidation, with attendant rearrangement, of 
(XIV) by selenium dioxide to the conjugated dienedione (XVIII) by 
the action of selenium dioxide. 
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These analogies stimulated Spring and his colleagues to attempt 
the partial synthesis of (XI). This was achieved as shown in 
(XIII) —> (XI). The reduction of the conjugated double bond was 
carried out with lithium and liquid ammonia. The removal of the 
carbonyl group required a forcing variant of the Wolff-Kishner re- 
duction (8). The product was taraxerol. 

With the structure of taraxerol established, the derived oxide may 
then be formulated as (XIX) and the unsaturated alcohol as (XX). 
The related ketone, on reduction with lithium aluminum hydride, 
.gave a different isomeric alcohol. This new alcohol was chemi- 
cally more hindered than the original one, as shown by the fact 
that whilst acetylation of (XX) under normal conditions gave a 
3: 15-diacetate, that of (XXI) gave only a monoacetate. This sug- 
gested that the hydroxyl group in the original alcohol (XX) was 
equatorial, that is O, in orientation; the oxide must be similarly 
oriented. The rearrangement which occurs on oxide opening is pre- 
sumably not concerted with it since the migrating methyl! group is on 
the same side of the molecule as the oxide. The formation of a trans 
glycol intermediate is not impossible, in which case the migration 
could be concerted with the loss of the C,, 8 hydroxyl group. 

Taraxerol, while of intrinsic chemical interest, has a place also 
in a pattern of biogenesis which is becoming clearer as the struc- 
tures of more triterpenoids are unravelled. In the general concept 
of the genesis of the triterpenoids an ion (or equivalent) (XXII) 
which is of importance has already been mentioned (page 182). 
Now by hydride shift—specifically a 1:2 shift in which stereo- 
chemistry is retained—this may be converted to (XXIII), and again 
to (XXIV). Now loss of a proton leads to the fB-amyrin series 
whereas migration of the methyl group at C,, gives (XXVI) which 
leads to taraxerol (XXV). Since these transformations are in part 
not reproducible in the laboratory they might, at least as far as ac- 
commodating taraxerol, be regarded as not compelling. However, 


further stages in the ‘spinal’? rearrangement have very recently 
been uncovered. 
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ALNUSENONE (GLUTINONE) 


In 1953 Chapon and David isolated from the bark of the black 
alder a new triterpenoid unsaturated ketone which they named glu- 
tinone (10). Spring and his colleagues, independently, isolated 
from the same source a triterpenoid which they named alnusenone. 
The compounds proved to be identical and, though it is not clear 
yet which name has preference, the name alnusenone will be used 
here for convenience and without commitment. The structure of 
this interesting substance has very recently been elucidated by the 
British workers, and the work described below is largely to be at- 
tributed to them (9). 

The carbonyl group in alnusenone is unhindered, as shown by 
the formation of an oxime; it is also unconjugated. Further, re- 
duction of the ketone with either sodium and alcohol or with lithium 
aluminium hydride gives the same alcohol, and this is readily acyl- 
ated. The double bond, also, is not hindered, and alnusenyl ace- 
tate may be readily hydrogenated to the saturated alnusany]l acetate. 
From a study of spectra the double bond was presumed to be tri- 
substituted. Some confusion exists as to the reaction of alnusenyl 
acetate with osmium tetroxide, but it appears most probable that 
the evidence provided by Spring and his colleagues is correct. 
These authors assert that a triol is obtained, which after conversion 
to a diacetate is stable to chromic acid. 

Reduction of alnusenone by the Wolff-Kishner technique gave the 
hydrocarbon alnusene (XXVII). The key experiment in this struc- 
tural investigation was the treatment of this hydrocarbon with hy- 
drochloric and acetic acid mixture. The product, by an extraordinary 
series of shifts, was the hydrocarbon B-amyrene-III (5-amyrene) 
(XXVIII) now recognised to contain also some (XXIX), 18 &-olean- 
12-ene. These transformations are expressed as shown. The same 
series of reactions could not, hawever, be performed on the original 
ketone now to be formulated as (XXX). Mild acid treatment gave an 
isomer alnus-5(10)-enone (XX XI). 

Oxidation of alnusenyl acetate with selenium dioxide gave 
alnusadienyl acetate (10) (XXXII) which can be hydrogenated back 
to the original acetate, thus precluding the possibility of rearrange- 
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ment. The spectrum of (XXXII) indicated a heteroannular diene; 
oxidation of the derived alcohol with chromic acid, proceeding 
probably by the indicated mechanism, then gave the dienedione 
(XXXII). This provides powerful evidence for the environment of 
the carbonyl group and double bond. Further evidence is provided 
by the conversion of (XXXI) to (XXXIV) by bromination-dehydro- 
bromination (AA, 207, 322 mp). Whilst this evidence is, to- 
gether with the conversion to compounds of the /-amyrin group, 
very persuasive in itself, with the possible exception of the con- 
figuration at C,,, the structure of alnusenol has been clearly dem- 
onstrated by partial synthesis from another triterpenoid, friedelin. 
This substance, the structure of which will be described below, 
gives a bromo derivative (XXXV). Treatment of this with silver 
acetate gives a mixture of (XXXI) and (XXX). The mixture was 
reduced to the alcohols with lithium aluminium hydride and separated 
as the acetates. 

The position of alnusenone in the biogenetic pattern is clear. 
The ion (XXVI) by further 1:2 stereospecific shifts as those pos- 
tulated to lead to taraxerol passes through (XXXVI), (XXXVII), 
(XXXVIII), and (XXXIX). The latter then loses a proton. This 
extraordinary postulated series of migrations across the main per- 
hydropicene skeleton is made more convincing by the nature of the 
ultimate transformation compound friedelin. 


FRIEDELIN AND CERIN 


Cork is a readily available material, and it is not surprising that 
the first attempts to isolate any organic constituents were made as 
early as 1807 by Chevreul. He obtained from it a wax which he 
called ‘‘cérine,’’ but the unhomogeneity of this was shown later 
by Istate and Ostrogovich who isolated from it two crystalline sub- 
Stances now recognised as the triterpenoids friedelin and cerin. 

The first detailed investigations of friedelin were made by Drake 
and his colleagues in the period 1936-1940 (11). They established 
securely that it was a ketone of the formula CyoH,,O and, since no 
colour was given with tetranitromethane and there was no conjuga- 
tion with the ketone, they concluded that there was no double bond 
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and that it contained a saturated pentacyclic system. On Clem- 
mensen reduction of friedelin the hydrocarbon friedelane was ob- 
tained. Sodium and amyl alcohol reduction gave the secondary 
alcohol friedelanol. 

So far the only evidence adduced for the triterpenoid nature of 
the substance was the analysis. Evidence was now provided. 
From selenium dehydrogenation experiments on friedelanol there 
were obtained 1:2:5-, and 1:2: 7-trimethylnaphthalenes, 1:2:5:6- 
tetramethylnaphthalene, 1:2: 8-trimethylphenanthrene (XL), and, of 
particular importance, 1: 8-dimethylpicene (XLI). This latter, also 
obtained from the amyrins, strongly suggests a perhydropicene nu- 
cleus. 

Apart from this important contribution, Drake and his colleagues 
made other interesting degradative investigations of the friedelin 
molecule. Pyrolysis of friedelanyl benzoate, with the elimination 
of benzoic acid, gave friedelene oxidised to the 4:f-unsaturated 
ketone friedelenone. Oxidation of friedelin with chromic acid gave 
two substances. The main product was a keto acid, friedelonic 
acid, formed without the loss of carbon atoms; the other was a 
dicarboxylic acid with one carbon atom less. This transformation 
requires the grouping 


c 


—— CO-— CHC. 


It was then found that by heating to 250° friedelonic acid (XLII) 
lost carbon dioxide to give a hydrocarbon, norfriedelene (XLIII). 
Since this hydrocarbon was oxidised by potassium permanganate 
to give norfriedelonic acid (XLIV), a keto acid with the same num- 
ber of carbon atoms, the sequence of reactions may be represented 
as shown opposite. The partial formula (XLV) therefore follows for 
friedelin. i 

The problem was then taken up by Ruzicka, Jeger, and their col- 
laborators (12). These authors found that oxidation of friedelin 
under somewhat different conditions from those used by Drake gave 
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a C,, dicarboxylic acid, friedelindicarboxylic acid (XLVI). This 
could be converted into an anhydride which, on pyrolysis, gave 
a ketone, norfriedelanone (XLVII). Mild oxidation of this with se- 
enium dioxide introduced a conjugated double bond and gave nor- 
friedelenone. No structural rearrangement had taken place here 
because reduction gave back (XLVII). Further and more vigor- 
ous oxidation with selenium dioxide then introduced a further car- 
bonyl group to give a substance originally termed norfriedelenedione. 
This substance is an (-diketone, because it may be cleaved by 
hydrogen peroxide to a dicarboxylic acid. The implication, as 
shown in the sequence opposite, is that there are two methylene 
groups flanking the carbonyl group on the same side in friedelin. 
Ozonolysis of the dicarboxylic acid (anhydride) resulted in cleavage 
of the double bond and formation of a ketone. The adjacent car- 
boxyl group was lost as carbon dioxide (-keto acid). This forma- 
tion of a ketone requires that the carbon atom marked with a star 
in the partial formula of friedelin (XLVIII) bear one hydrogen and 
no more, as shown. 

This ketone had the formula C,,H,,O, and was tetracyclic. The 
subsequent attempts were to fit the partial formula (XLVIII) into 
the pentacyclic framework suggested by the isolation of the 1,8- 
dimethylpicene. The problem was, in part, simplified when, con- 
trary to earlier reports, it was shown (14) that the ketocarboxylic 
acid (XLII) was a methyl ketone. The part formula (XLVIII) was 
then expanded to (XLIX). But since this represents the terminal 
ring of a triterpenoid, it is apparent that a methyl group is missing. 
This implies either some deviation in the presently accepted bioge- 
netic scheme, though perhaps at a late stage, or else a flaw in the 
evidence adduced. The source of the error was revealed by Spring 
and his co-workers. It lies in the nature of the selenium dioxide 
oxidation products. The compound known as norfriedelenedione rep- 
resented by (L) should be a C,, compound. Reinvestigations showed 
that it had, in fact, only 28 carbon atoms (13,14). If there were no 
hydrogen at the asterisked carbon atom in (XLIX), then norfriedel- 
enone would have to be represented by (LI). The conversion of (LI) 
to what must now be termed bisnorfriedelenedione (LII) therefore 
involves the loss of a methyl group and its replacement by a ketonic 
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function. The mechanism of this unusual reaction provoked by the 
vigorous conditions (SeO, at 180°) isnot known. The path indicated 
is merely conjectural. The oxidation process to the dienone is 
analogous to that suggested (22) for the oxidation of 1: 4-diketones 
to enediones. HOY is intended to imply water or equivalent. 

The enedione (LII) is obtainable (12), as was shown by the 
Swiss workers, by other routes. Conversion of friedelin to the enol 
benzoate followed by chromic acid oxidation gives, by the introduc- 
tion of a carbonyl group, the enol benzoate of an G-diketone. Se- 
lenium dioxide oxidation of this gives (LII). The terminal ring of 
friedelin may therefore be written as (LIII). 

It was found by the Swiss workers that whilst cleavage of (LII) 
under mild conditions with hydrogen peroxide gave the anhydride 
of the dicarboxylic acid, now written as (LIV), more vigorous treat- 
ment gave a non-conjugated unsaturated C,, acid (LV). 

Oxidation of (LV) as the methyl ester introduces a carbonyl 
group nee 247 mu) (LVI) and hydrolysis then results in decar- 
boxylation of the vinylogous 8-keto acid to give (LVII). This may 
be hydrogenated to the saturated ketone (LVIII) (15). On deuterium 
bromide=catalysed deuterium exchange three & hydrogens were 
found to be present. 

Further, the C,, ketone obtained by the Swiss workers by the 
ozonolysis of what is now (LIV) exchanged, under similar condi- 
tions, one & hydrogen and so must be represented by the partial 
formulae (LIX) (14,15). This allows of the expansion of the partial 
formula of friedelin to (LX). Since 1,8-dimethylpicene contains 
twenty-four carbon atoms, the remaining six are probably present as 
methyl groups. Two of these are incorporated in (LX), leaving four. 
Two of these may be placed at C,, and C,, for the following rea- 
sons. The production of 1,2,7-trimethylnaphthalene is not possible 
from the rings represented in (LX); it must therefore represent the 
dehydrogenation product of the other terminal rings. 1:2:8-Tri- 
methylphenanthrene cannot represent this same section of the mole- 
cule and so must include (LX). This is rendered probable because 
the vicinal methyl groups appear in the same relative place in the 
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molecule as a whole. This allows of the expansion of (LX) to 
(LXI) in which all but two methyl groups are accounted for. 

The correctness of these deductions has been directly demon- 
strated by the conversion, under strongly acidic conditions, of 
friedel-3-ene (LXII) (13,16) to olean-13(18)-ene (XXVIII) contami- 
mated with the usual equilibrium proportion of 18 &-olean-12-ene 
(XXIX). A similar transformation has been effected on the alcohol 
epifriedelanol. This compound is obtained from friedelin by reduc- 
tion with lithium aluminium hydride and has also been isolated from 
a lichen Ceratopetalum apetalum (17). Under a variety of acidic 
conditions, such as phenol and hydrogen chloride, red phosphorus 
and hydrochloric acid, etc., it also gave (XXVIII). 

This rearrangement is extraordinary in that it requires the migra- 
tion of four methyl groups and two hydrogen atoms. Assuming, as 
in previous cases, that migration over the specific side of the mole- 
cule implied by the final configuration takes place, this requires 
the particular stereochemistry for friedel-3-ene indicated in (LXII). 
The configuration of the hydrogen atom at C,, is, however, needful 
of further comment. It is attributed the 8 configuration for three 
teasons. Firstly, in accord with biogenetic theory (see below) the 
same configuration as taraxerol and B-amyrin would be expected. 
Secondly, it is claimed by Spring (13,18) and his colleagues, in a 
study of rearrangements which are related to the essential features 
of the present transformation, that a cis locking of rings D/E is 
essential for such a migration. Finally, the assigned configuration 
is claimed on the basis of a two-dimensional Fourier X-ray analysis 
on friedelanol haloacetates (19). The only centre not stereochemi- 
cally defined in friedelin is, therefore, that of the methyl group at 
4 
Of the two alcohols derivable from friedelin, friedelanol, formed 
by sodium and alcohol reduction, is the stable, equatorial isomer 
since it is formed under equilibrating conditions (20). E pifrie- 
delanol, which is, therefore, axial, is readily dehydrated under 
ionic conditions to give (LXII), and a four-centre planar transition 
State may be assumed. This requires an axial (4) hydrogen at C,. 
The methyl group is therefore B (equatorial) and friedelin may be 
represented by the cipher (LXIII). Other aspects of the stereo- 
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chemistry have been investigated chemically by Corey and Ursprung, 
and their findings (15) are in accord with this expression. 

It might be thought that the acid-catalysed rearrangement of 
friedel-3-ene to (XXVIII) and (XXIX) should be a fully concerted 
process. It has been shown very recently, however (24), that under 
some conditions at least it is not so. When friedel-3-ene in boiling 
acetic acid is treated with a stream of hydrogen chloride the com- 
pound (LXV) is obtained. This substance, which under more vigor- 
ous conditions is transformed to (XXVIII) and (XXIX), has been ob- 
tained by Wolff-Kishner reduction of (XXXI) (10). This being so a 
certain doubt might be attached to the configuration at C, and C,,; 
other evidence is available to support that shown in (LXIII) (14,15, 
19524). 

Continuing the biogenetic scheme represented on page 182, 
friedelin represents the ultimate transformation from the original 
postulated ion (or equivalent) (XXII). This passes to (XXVI) (page 
198) which leads to taraxerol and (XXXIX) (page 202), which in 
turn leads to alnusenone, and finally (XX XIX) may be. transformed, 
again by 1:2 shifts, to (LXIV). By loss of a proton this gives 
friedelin. 

Cerin, the accompanying substance with friedelin in cork, is an 
d-hydroxy ketone. This is proven by its mild oxidation to an X- 
diketone and to friedelin dicarboxylic acid, and by its Wolff-Kishner 
reduction (15) to friedel-2-ene. Similar elimination reactions have 
been recorded (21). The hydroxyl group may also be eliminated by 
treatment with zinc and acetic acid to give friedelin, demonstrating 
that the positions of the carbonyl and hydroxyl are not reversed. 
From a study of spectra Takahashi and Ourisson (14) conclude that 
the hydroxyl group is equatorial () and that cerin may therefore be 
represented by (LXV). 

A number of other derivatives of friedelin have been isolated re- 
cently from the bark of Siphonodon australe Benth; their structures 
have not been elucidated yet (23). 
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GHAPTER 5 


THE BIOGENETIC RELATIONSHIPS OF THE TERPENOIDS 


The first attempts to propound a biogenetic theory as regards ter- 
penoids were stimulated by the fact that the vast majority of the 
simpler members of this class of substances had structures which 
could be built up in principle from two or three ‘‘isoprene’’ units. 
Although isoprene was obtained by the dry distillation of rubber 
there was no implication, that isoprene itsel/ was the active ter- 
penoid precursor. 

With the later elucidation of the structures of more complex ter- 
penoids it was found that this simple rule that terpenoids were the- 
oretically divisible into isoprene units still held good to a very 
large extent. Recently the entire problem has been reviewed by 
Ruzicka (1); 

The problem of the biosynthesis of the terpenoids can be con- 
sidered at three successive levels. Firstly, there is the question 
of the creation of the five-carbon unit. Secondly, there is the man- 
ner of combination of these units to give the postulated precursors 
of the various terpenoid families; and, finally, there is the mech- 
anism of cyclisation and rearrangement of these precursors, or their 
equivalents, to give the individual terpenoids. It must be stressed 
that much of this is conjecture and that, in any case, the symbol 
expressing an intermediate implies also near oxidation-reduction 
transformation products, etc. Many of the postulated cyclisations 
have not been performed in the laboratory, and, in fact, it is not 
certain whether ionic or radical (molecular) processes are involved. 
On the other hand, the hypothesis, as it at present stands, has been 
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of use in the elucidation of structures, particularly in the triterpen- 
oid field. Progress is being made in the second and third levels of 
biosynthesis, but the nature of the primary processes remains 


obscure. 


THE FIVE-CARBON FRAGMENT 


The five-carbon fragment postulated in the biosynthesis of the 
terpenoids probably has its origin in a two-carbon unit. There is 
support for this belief in the biosynthesis of labelled cholesterol 
from acetic acid labelled both on the methyl and carboxyl carbon 
atoms. However, biological systems are a mass of complex equi- 
libria, and the precise nature of the process leading to the presumed 
five-carbon unit is not known. A likely intermediate suggested was 
(3: B-dimethylacrylic acid (2) which could arise as shown opposite. 
But the substances indicated in this equation were to be qualified 
by the saving ‘‘or equivalent,”’ 
pressing an ignorance as to the precise process. Biochemically, 


the term ‘‘equivalent’’ here ex- 
q 


for instance, acetaldehyde and an oxidation stage are ‘‘equiv- 
alent’’ to acetic acid. Recently, however, it has been found that 
B-hydroxy--methyl-5valerolactone (I) (the lactone of mevalonic 
acid) can be utilised in the biosynthesis of cholesterol and so pre- 
sumably of lanosterol and squalene; the great extent of the conver- 
sion has suggested that the major pathway of cholesterol biosyn- 
thesis, at least from (I), is direct (as opposed to preliminary cleav- 
age into smaller molecules) (3). Later work indicated that the carboxyl 
group of mevalonic acid was probably the carbon atom lost in the 
formation of the C, unit (4). 

The order or manner of linking of such postulated five-carbon 
fragments has led to the formulation of the various isoprene “‘rules.’’ 
The most general rule merely expresses the principle that terpen- 
oids should be derivable from these five-carbon units joined in any 
manner. A more restricted generalisation, known as the special 
isoprene rule, states that the five-carbon units should be joined 
head to tail as in (III). However, recent work has Suggested that 
each particular group of terpenoids has its own special variation of 
the more general rule. Finally, another expression states that each 
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of the terpenoid groups should be derivable from hypothetical sim- 
ple precursors such as squalene, geranylgeraniol, farnesol, etc. 
This has been called the biogenetic isoprene rule. 


THE MONOTERPENOIDS 


Union of two five-carbon units or their equivalent may be pre- 
sumed to give geraniol (IV). From this the derivation of linalodl 
and the hydrocarbons myrcene and ocimene is obvious. The cycli- 
sation to G-terpineol is known in the laboratory and, in a biochemi- 
cal system, may result from the ion (V). This is written as a classi- 
cal carbonium ion, but no restriction as to its detailed identity is 
implied. By the transformations shown many of the cyclic mono- 
terpenoids may be derived (1). In these formulae the thick lines 
show the five-carbon units. Alternative cyclisations from the hy- 
drocarbons ocimene and myrcene are available. 

The compounds derived are all formed, theoretically, from head- 
to-tail fusion of C, units. A few exceptions are known, for instance, 
artemesia ketone and lavandulol. 
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THE SESQUITERPENOIDS 


The key substance in the biogenetic scheme proposed for this 
group is farnesol (VI). This compound is of particular importance 
as its dimer difarnesyl (= squalene), formed perhaps by the bio- 
chemical equivalent of the acyloin condensation, may be a biologi- 
cal precursor of the triterpenoids and steroids. The transformations 
from farnesol have been postulated to proceed through six-membered 
and through ten- and eleven-membered ring intermediates. It is in- 
teresting that since the promulgation of this theory a ten-membered 
ring terpenoid, pyrethrosin (VII (or lactonic isomer)), easily cyclised 
to a substance of the eudesmane type, has been structurally identi- 
fied (5). The bicyclofarnesol system, also, was not known at that 
time, but it now seems probable that the lactone iresin (VIII) has 
this skeleton (6). 

Substances which cannot be formed by a farnesol cyclisation are 
comparatively few. Of these carotol (IX) has one five-carbon unit 
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reversed. Zierone (X) also has an isoprenoid, but not cyclofarnesol 
skeleton. On the other hand the ketone eremophilone (XI) is non- 
isoprenoid. It seems probable that it is formed by rearrangement 
from a precursor such as (XII). 


THE DITERPENOIDS 


These substances can be derived, in principle, from geranyl- 
geraniol (XIII) or related substances. Manool and sclareol are 
easily obtained, and further transformation leads to the resin acids. 
Wenkert has suggested (6) that the biogenetic transformation leading 
to the abietane type acids involves the concerted rearrangement of 
pimaradienes such as (XIV). He has further suggested that the re- 
arrangement takes place very readily so that only pimaradienes 
epimeric with (XIV) at C,, will be found in nature. This necessi- 
tated a revision of the structure of isodextropimaric acid, from (XIV) 
to (XV). This scheme accommodates also such non-isoprenoid di- 
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terpenoids as columbin (XVI) which may perhaps (7) be formed from 
a seco-pimarane derivative (XVII) by the scheme indicated, or its 


equivalent. 


THE TRITERPENOIDS AND STEROIDS 


The problem of the biosynthesis of the triterpenoids is intimately 
associated with that of the steroids. This would be expected, in a 
sense, in view of the close structural similarity of the tetracyclic 
triterpenoids, such as lanosterol, to steroids such as cholesterol. 

Cholesterol, largely as a result of the brilliant work of Bloch (8), 
is believed to be formed from a two-carbon fragment. By the use of 
acetate labelled both on the methyl and carboxyl carbon active 
cholesterol has been obtained. Bloch also provided evidence that 
squalene was either in equilibrium with the cholesterol biosynthetic 
system or else was an intermediate in its formation. Two courses 
for the cyclisation of squalene were possible, (XVIII) and (XIX), 
the former being that proposed by Sir Robert Robinson and the latter 
that proposed by Woodward. The cholesterol derived from such cy- 
clisation will differ in its isotopic distribution at carbon atoms 7, 
8, 12, and 13. Degradative work and isolation of relevant carbon 
atoms has been accomplished by Woodward and Bloch, and by Dau- 
ben and by Cornforth and Popjak and their collaborators (9), and 
strongly supports the Woodward mechanism. Further, stepwise 
degradation of rings A and B of the steroid nucleus has shown that 
the similarly labelled carbon atoms are alternately spaced, as pre- 
dicted by both theories. 

Whilst this establishes a relationship between squalene and 
cholesterol it was not until 1955 (10) that it was shown that lanos- 
terol could be synthesised from acetic acid by rat liver homogenates, 
and then further converted into cholesterol with loss of three carbon 
atoms. A subsequent investigation elucidated the remarkable fact 
that C'*-labelled squalene is transformed in different ways depend- 
ing on the enzyme system. Those systems for the overall synthesis 
of cholesterol from acetic acid are constituents of the microsomes 
and of the supernatant fraction of rat liver homogenates. Starting 
with labelled biosynthesised squalene Bloch and Tchen found that 
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about ten times as much C™ is found in cholesterol as in the lanos- 
terol isolated when the enzyme system contained intact microsomes. 
In the particle-free preparations, however, the C™* content of choles- 
terol is insignificant compared with that of lanosterol. It was there- 
fore concluded that both cyclisation and demethylation may take 
place with intact microsomes, but although the particle-free prepa- 
ration may still cyclise it is incapable of demethylating the so- 
formed lanosterol. This work and other evidence of a related kind 
have led to the conclusion that the squalene-lanosterol-cholesterol 
transformation is a major pathway in steroid biogenesis. 

The most recent work has been concerned with the biosynthesis 
of the C,, triterpenoid eburicoic acid (XX). The labelled acid was 
first prepared by allowing Polyporus sulphureus to grow in a medium 
containing carboxyl-labelled acetate. Degradation showed that, as 
in the case of cholesterol, the acetate was utilised as a two-carbon 
unit, that C,, C,,, and C,, were also labelled, and that C,, (car- 
boxyl), C,., C39, and C,, were not labelled (11). By substituting 
methyl-labelled acetate in a similar series of experiments it was 
found that C,,, C,), and C,, then became labelled atoms (12). How- 
ever, the ‘‘extra’’ carbon at C,, in the side-chain was still un- 
labelled, and it was found that it was in fact derived from formate 
(13). 

Stimulated by much of this work, Ruzicka and his colleagues have 
proposed (14) a comprehensive scheme for the biogenesis of the 
triterpenoids. Stork and Burgstahler have (15) independently pro- 
posed a similar theory. The nature of the ring junction formed by 
the concerted cyclisation of a triene has already been considered | 
(Volume II), and both groups have stated that a somewhat different 
path is necessary for the steroids and lanosterol, and for the other 
triterpenoids. In the processes illustrated opposite and below 
classical carbonium ions will be used for clarity, but an essential 
of the transformation scheme is that in the 1:2 Wagner-type shifts 
the stereochemical integrity of the centres involved should be 
preserved. The first cyclisation scheme leads to euphol and, 
apparently, tirucallol, though the control of stereochemistry at 
Cy is not entirely clear. After the preliminary proposal (1) of 
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the hypothesis the dammar alcohol (page 114) (XXII) was isolated by 
Mills. It is clearly derived from the ion (XXI). The intermediate 
ion (XXIII) then cyclises further to give (XXIV). Rearrangement 
then leads as shown to the lupeol family. Transformation of 
(XXIV) may also lead to taraxasterol. Finally, the ion (XXV) is 
that mentioned in the last chapter (page 182) which may lead by 
successive shifts to germanicol, B-amyrin, taraxerol, alnusenone 
(glutinone), and ultimately friedelin. This concerved and stereo- 
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specific cyclisation of squalene requires that the conformation 
shown in (XXVI) be adopted prior to cyclisation. Cyclisation from 
the alternative conformation (X XVII) provides the path to lanosterol 
and, by demethylation, the steroids. 

Onocerin (XXVIII) is clearly a product of cyclisation from both 
ends of squalene, whilst ambrein (XXIX) is formed by cyclisation 
from one end as far only as the first ring. 

The simplicity and elegence of this hypothesis make it, in es- 
sence, very compelling. It is important for its function that these 
transformations should be concerted, that is, should proceed without 
the formation of stabilised intermediates. Evidence has very 
recently been provided, again by Bloch and his associates (16), that 
the conversion of squalene to lanosterol is, in fact, a concerted 
process, Squalene, incubated with liver homogenate in the presence 
of D,0, was converted into lanosterol with the incorporation of less 
than 5% of one deuterium atom per molecule. No C——H bonds are 
formed, therefore, with participation of proton from the solvent. No 
unsaturated intermediates can be involved, and so the rearrange- 
ments postulated must take place by hydride shifts only. Further- 
more, the hydroxyl group incorporated into the molecule does not 
derive from OH® since O"* from H,O"* was not incorporated. On the 
other hand, when squalene was cyclised in an atmosphere of oe 
heavy oxygen was introduced into the molecule of lanosterol. The 
hypothesised ‘tOH®’’ must derive, therefore, from oxygen. 
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Abietic acid, 2 
maleic anhydride adduct, 6, 14 
stereochemistry, 8 
Aescigenin, 65 
Aescin, 65 
Allobetulin, 178, 180 
Alnulin, 190 
Alnusene, 200 
Alnusenone, 200, 212, 230 
Alnus glutinosa, 190 
Agathenedicarboxylic acid = agathic 
acid), 18, 38 
iso =, Altes 
Agnosterol, 76 
Ambergris, 70 
Ambrein, 70, 138, 144 
Ambreinolide, 72 
A-Amyradienonyl acetate, iso-, 160, 
170 
B-Amyranol, 134 
5-Amyrene, see Olean-13(18)-ene 
8-Amyrene-Ill, see Olean-13(18)-ene 
5-Amyrenone, 172, 180 
A-Amyrenonyl acetate, iso-, 160 
8-Amyrenony] acetate, 134 
O-Amyrin, 156 
stereochemistry, 166 
B-Amyrin, 128, 154, 160, 172, 210, 
230 
““Os’’-acetate from, 156 
derivatives, 152, 154 
stereochemistry, 144 
Arabinose, 165 
Arjunolic acid, 154 
Artemesia ketone, 220 
Asiatic acid, 65, 168 
Asiaticoside, 65 





Balata gum, 128, 170 
Barringtogenol, 154 


Barringtonia racemosa, 154 
Betulin, 172, 178 

Betulinic acid, 172 
Betulonic acid, 174 
Bird-lime, 170 
Bisnorfriedelenedione, 206 
Black alder, 190, 200 
X-Boswellic acid, 154 
B-Boswellic acid, 168 
Brein, 168 

Brosium galactodendron, 156 
Butyrospermol, 106, 110, 114 


Cacti, triterpenoids from, 154 


‘Cafestol, 46 


X-Calotropeol, 178 
Carotol, 222 
Cativic acid, 20 
Centella asiatica, 65 
Ceratopetalum apetalum, 210 
Cerin, ZO 2 ode 
Chlorophyll, 38, 152 
Cholesterol, 218, 226 
Cinchona bark, 65, 168 
Clove buds, 154 
Cochalic acid, 156 
Coffee bean oil, 46 
Columbin 
dehydrogenation of, 58 
functional groups, 54 
iso- 4s OO 
Cork, 202 
Crataegus cuneata, 168 
Cryptomeria japonica, 24 
Cyclamen Europaeum, 65 
Cyrclamin, 65 
Cyclamiretin, 65 
Cycloartenol, 92 
Cyclolaudenol, 94 
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Dammaradianol, 114, 230 
Dammar resin, 114 
Dandelion, 178, 190 
Dehydroabietic acid, 10, 22, 138 
Dehydroeburicoic acid, 94 
Dehydrogenation, 66, 204 
Dehydrooleanolic acid, 144 
Dextropimaric acid, 12, 16 
iso————, 16, 224 
Dihydroagnosterol, 76 
Dihydro-5-Ionone, 36, 72 
Dihydrolanosterol, 76 
Dimethylacrylic acid, 218 
Diterpenoids, biogenesis, 224 
Dumortierigenin, 156 


Eburicoic acid, 94 

biogenesis, 228 
Echinocystic acid, 154 
Echinocystis fabacea, 154 
O&-Elemolic acid, 102 
Eperua falcata, 20 
Eperuic acid, 20 
Epoxynorcafestadienone, 48, 50 
Eremophilone, 224 
Ergosterol-B-Ill, 90 
Erythrodiol, 154 
Erythroxylon novogranatense, 154 
Euphenol, 108 

iso——_—, 96, 98, 116 

rearrangement of, 100 
Euphol, 102, 106 
Euphorbia tirucalli, 96, 102 
Euphorbol, 102 


Farnesol, 222 

Ferruginol, 22 

Fichtelite, 36 

Friedelane, 204 

Friedelanol, 204, 210 
epi——_—_, 210 

Friedelene, 212 

Friedelenone, 204 

Freidelin, 202, 212, 230 
dehydrogenation of, 204, 208 

Friedelindicarboxylic acid, 204 

Friedelonic acid, 204 
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Fructose, 65 
Fullers herb, 154 


Galactose, 65 

Galipots, 2 

Genin A, 154 

Geraniol, 220 

Germanicol, 176, 184, 192, 230 
Giganteol, 178 

Glucose, 65 

Glucuronic acid, 65 
Glutinone, see Alnusenone 
Glycyrrhetic acid, 154 
Grey alder, 190 
Gummosogenin, 156 
Gutta-percha, 128 
Gypsogenin, 154 


Hederagenin, 65, 130 
O-Hederin, 65 
Heterobetulin, 178, 180 
Heterolupane, 178 
Heterolupenal, 180 
Heterolupeol, 178 
Hinokiol, 24 

Holly bird-lime, 128 
Homoretene © methylretene), 6 
Horehound, 38 

Horse chesnut, 65 
Hydrocotyle asiatica, 168 


Icterogenin, 152 

Iresin, 222 
**Isocholesterol,’’ 76, 84 
Isoprene, 24, 216 

Ivy leaves, 65 


Jatrorrbiza palmata, 54 


Kahweol, 46, 48 
Kauri copal, 18 
Ketomanoyl oxide, 32 
Ketotirrucallenol, 114 


Labdanolic acid, 20 

Lactusa virosa, 154 

Lantadene A (= rehmannic acid), 154 
Lantadene B, 154 

Lantana camera, 154 
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Lanostenol, 78 
Lanost-9(11)-enyl acetate, 92 
Lanosterol, 76, 218, 226, 228 
side chain position, 84 
stereochemistry, 86 
synthesis, 90 
iso , 88 
Lavandulol, 220 
Lemaireocereus dumortieri, 156 
Lemaireocereus longispinus, 156 
Lemairocereus quetaroensis, 156 
Levopimaric acid, 12 
maleic anhydride adduct, 14 
Lippia rebmanni, 154 
Liquorice root, 154 
Litsea dealbata, 190 
Longispinogenin, 156 
Lupenone-I, 180, 182 
Lupeol, 170, 182, 230 
rearrangements of, 172, 174 
stereochemistry of, 178 
Lupinus albus, 170 





Machaeric acid, 1546 

Machaerinic acid, 156 
Machaerocereus gummosus, 156 
Manila copal, 18 

Manilodiol, 154 

Manila elemi resin, 102, 156, 168 
Manool, 32, 38, 74, 88, 138, 144, 224 
Manoyl oxide, 32, 34, 40 
Marguerite, 178 

Marrubiin, 38 

Marrubium vulgare, 38 

Mastic, 110 

Masticadienonic acid, 110 

Mate, 158 

Menthofuran, 50 

Methylretene, see ‘lomoretene 
Mevalonic acid lactone, 28 

Milk tree, 156 

Mistletoe, 170 

Monoterpenoids, biogenesis of, 220 
Moradiol diacetate, 174 

Mora excelsa, 154 

Morolic acid, 148, 174 


Myrcene, 220 
Myrtillocactus cochal, 156 


Neoabietic acid, 14 
Norfriedelanone, 206 
Norfriedelene, 204 
Norfriedelene dione, 206 
Novic acid, 158 


Ocimene, 220 
Oleanane, 134 
Oleananolic acid, 74 
Olean-12-ene, 194 
18h-Olean-12-ene, 200 
Olean-13(18)-ene, 136, 
194, 200 
Oleanolic acid, 65, 88, 138, 140, 
144, 148, 152 
18-iso lactone, 174 
stereochemistry, 144 
Olibanum, 168 
A-Onocerin, 118 
B-Onocerin, 122 
y-Onocerin, 122 
Oxoapoeuphenyl acetate, 110 


184, 192, 


Perhydrophenathrenes, stabilities of, 
150 

Phyllanthol, 92, 168 

Phyllanthus engleri, 168 

Phyllocladene, 36, 50, 54 





iso » 36 
Phylloerythrin, 152 
Phytol, 38 


Pimanthrene, 54 
Pimaradiene, 224 
Pinicolic acid, 96 

Pinus maritima, 14 

Pinus palustris, 14 
Plathymenia reticula, 24 
Podocarpic acid, 20 
Podocarpus cupressinum, 20 
Polyporenic acid A, 94 
Polyporenic acid C, 96 
Polyporus sulphureus, 228 
Primula officinalis, 154 
Priona copaifera, 20 
Pulegone, 164 
Pyrethrosin, 222 
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Queretaroic acid, 156 
Quillaia bark, 154 

Quillaic acid, 154 

Quinovic acid, 65, 168, 170 
Quinovin, 65 

Quinovose, 65 


Rehmannic acid (= lantadene A), 154 
Resin acids, 1 

Restharrow, 118 

Retene, 2 

Retenequinone, 4 

Rhamnose, 65 

Rosin, 1, 2 


Salvia sclarea, 32 
Sandaracopimaric acid, 20 
Sandarac resin, 20 
Sapotalene, 130, 170 
Sarsasparilla, 170 
Sclareol, 32, 74, 224 
Shea nut fat, 128, 170 
Siam gum benzoin, 154 
Siaresinolic acid, 142, 146, 
Siphonodon australe, 212 
Skimmiol, 190 
Squalene, 68, 118, 124 
in biogenesis of 
218, 226 
hexahydrohalides, 68 
synthesis, 70 
Stellatogenin, 178 
Steroids, biogenesis, 226 
Stevia rebaudiana, 52 
Steviol, 52 


1SO 


148 


triterpenoids, 


» 52 
Stevioside, 52 

Sugar beet, 65 

Sugiol, 24 

Sumaresinolic acid, 154 
Sumatra gum benzoin, 154 
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Taraxasterol, 102, 178, 180,182,230 
-Taraxasterol, 178, 182 
Taraxerol, 190, 210, 212230 
partial eenthente. 198 
rearrangement of, 194 
Taraxerone, 190 
Terminalia arjuna, 154 
Terminalia ivorensis, 154 
Terminolic acid, 154 
Q-Terpineol, 220 
Thistle flowers, 178 
Thurberogenin, 178 
Tirucallenol, 114 
Tirucallenyl acetate, iso-, 116 
Tirucallol, 102, 106 
Totarol, 24 
Triterpenoids 
biogenesis, 226 
classification, 60 
occurrence, 154, 156, 168 
Tumulosic acid, 94 


Ursane, 160 

iso Aue uoye) 
Ursolic acid, 166, 168 
Uvaol, 168, 170 





Vinhaticoic acid, 24 
Vitamin E, 38 

Vitamin K, 38 

Vouacapenic acid, 30 
Vouacapoua americana, 30 
Vouacapoua macropetala, 30 


Wool fat, 76 
Wormwool, oil of, 36 


Zierone, 224 
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